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ABSTRACT 
 
Water demand is increasing with population growth and agricultural practice leading into 
industrialization. Hence, the information on spatial and temporal availability of water will be 
helpful for the optimum utilization and sustainability of water resource. Seasonal and Spatial 
pattern of water availability was computed based on the water balance to facilitate better 
management of available water resources. 
The study was conducted on gergera watershed where in between -39º 30' – 39º 45' E and 13º 30' 
– 13º 45' N with an area extent of 8.02 km2. Various maps, such as  location map, geological map, 
soil map, land use map and drainage map of the area were produced using field survey data as well 
as topo maps.the dominant lithologies those out crop in the area are Metavolcanic (phyllite), sand 
stone (Adigrat and Enthicho) and alluvial deposited. Currently, seven land use classes were 
identified in the area. These are grazing, cultivated, settlement, forest, bushes and shrubs, swamp 
and bare land. Based on USDA soil textural classification scheme, the soil coverage of the area 
classified in to four different soil classes:-sand, sandy loam, sandy clay and sandy clay loam. 
 Secondary data concerning the climate of the area were obtained from Wukro and Senkata 
metrological stations. Rain fall distribution of the area is monomodal having one dry and rainy 
season with seven dry and three rainy seasons. The mean annual rain fall of the area is found to be 
609.7mm with an average temperature of 17.4oc which makes the area to fall under temperate 
zone. 
 Evapotranspiration was determined by using FAO-Penman Monteith method. Accordingly the 
annual evapotranspiration is found to be 0.7129*106m3. The net runoff is determined using a curve 
number method and was found to be 1.86*106m3.and net infiltration that recharge the ground water 
system. It has obtained by using water balance concept and equals 0.7308*106m3.The geology of 
the area was mapped at a scale of 1:50000 and it constituent’s basement rock, sandstone and 
alluvial deposits (i.e. gravel, sand, and clay) units. Faults, fractures and foliations are the main 
geological structures. Thus, units and structures control the groundwater flow direction of the 
study area.In the hydrogeological investigation around 68 hands dug wells inventoried out of these 
only 48 were productive at present the rest are dried and collapsed. Based on the pumping test data 
analysis conducted mainly on 6 representative wells, Accordingly, the potential of many of the 
aquifers was found to be low to moderate due to inadequate partially penetration of the water-
bearing formations.      
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CHAPTER ONE INTRODUCTION 
1.1 BACKGROUND 
71 % of the Earth's surface is covered by water. Earth's surface water is held in two different kinds 
of water bodies: Salt water bodies and Fresh water bodies. Fresh water is defined as water that 
contains less than 0.5 ppt of dissolved salt (Nata, 2006). 99 % of the fresh water is locked up in 
snow and ice or in lakes, while rivers and other surface fresh water bodies make up 0.01 % of all 
the water in the world. When the surface water level is high enough, ground water comes to the 
surface naturally, like springs and may form lakes, ponds and rivers.  
Water is the most vital requirement for human survival. It has been described as the elixir of life, 
the source that sustains life on earth and the factor that governs the evaluation of and functioning 
of the universe. Ethiopia has abundant surface water resources that can be used for different 
purposes. There are 12 major river basins among which 7 of which are transboundary. The total 
annual runoff from these basins is estimated at about 111 billion cubic meter (Ministry of Water 
Resources, 2001). The major rivers carry water and sediments and drain mainly to the arid regions 
of neighboring countries. There are also 11 major lakes with a total area of 750.000 ha (Ministry of 
Water Resources, 2001). 
Even though water resource of Ethiopia is very large, very little of it has been developed for 
agriculture, hydropower, Industry, Water supply and other purposes. To date only about 290,000 
ha (about 4 %) of the potential irrigable land has been developed. Based on available information 
the potential irrigable land in the country is about 3.7 million ha (Ministry of Water Resources, 
2002) 
In order to know the potential and availability of surface waters, the government of Ethiopia is 
currently undertaking a huge investment on water resource investigation and development for 
various uses. This would help to increase the productivity of micro dams, to improve ways and 
means of the traditional irrigation system, to increase potable water supply and also to increase the 
hydroelectric power generation of the country. This study documents and analyses, for the first 
time, the groundwater potential of the Gergera watershed through sampling, mapping, 
meteorological data analysis and estimate the groundwater potential of the area. The study is 
expected to contribute a lot to the ongoing endeavor and alleviating the different problems 
occurring in the area. 
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1.2    Statement of the Problem 
Water plays a major role in virtually every aspect of human life. The objective of managing 
water resources is beyond reduction of hunger and poverty through its effects on increasing 
agricultural production (Feletcher, 1995). This is possible if there is a coordinated effort of 
managing the water and the watershed area. Water problems of any type stem largely from lack of 
knowledge, and therefore, from mismanagement of the natural system. 
The people of a community called Gergera village has once decided to abandon their village and 
leave for settlement. This was because their farmlands could not support growing crops and feed 
their livestock. However the woreda office of agriculture and rural development strictly refused 
and encourage them to enclose a watershed so that they can benefit from it atlas in the long run.  
the community people were convinced and did accordingly. The steep watershed was closed and 
run off conserving structures were constructed. In about five years, the catchments rehabilitated 
and ground water has been recharged. As a result of this, farmers started to use the water from 
shallow wells for irrigation. Currently there are about 70 shallow wells owned and operated by the 
local farmers. Different water lifting mechanisms like treadle pumps and motorized pumps are in 
use for lifting the water to the surface. 
 Farmers and professionals have already started to complain about the “excessive” lifting of water 
from the wells and the time needed to recharge has dramatically increased (Deborah, 1990). 
Farmers and professionals now feel that the current depth of the wells will not sustain the intended 
use because many wells are put in use at the same time. The tremendous increase in ground water 
usage can exceed the natural recharge and result in ground water levels.  Thus, it is expected that 
excessive withdrawals that lead to aquifer depletion will increase water supply costs unnecessarily 
the coming times (Thomas, 1980). In addition to this, the application of higher use principle may 
cause a competition between neighbors and result in the ruination of land owners their water 
supply. This can be the source of conflict of farmers with neighboring wells the purpose of this 
study is therefore to address this problem so that livelihoods of farm households will not be 
affected in the future and at the same time address the problem of environmental impacts.  
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1.3 Objective of the Study 
1.3.1 General Objective 
The major objective of the research is to conduct a systematic surface and groundwater assessment 
and to suggest environmentally sound plans for optimum utilization of the groundwater resource of 
the Gergera watershed. 
1.3.2 Specific Objective 
• To determine the water balance of the watershed 
• To delineate recharge and discharge areas; 
• To estimate the total amount of water which is actually available to recharge the 
groundwater circulation within the watershed 
• To determine the groundwater quality and examine the suitability of the water for 
irrigation, domestic and livestock purpose. 
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 CHAPTER TWO LITERATURE REVIEW 
2.1 Geology and structure 
2.1.1 Regional Geology 
The Tigray region comprises of wide range of geological formation. As elsewhere in the Ethiopia 
plateau, the underlying rock is basement complex. These rocks are weakly metamorphosed (Mohr, 
1962) and extremely folded and foliated. Little evidence remains of any succeeding Lower 
Paleozoic formations because erosion rather than deposition dominated at this time. During this era 
the surface of the Precambrian basement rocks was subjected to prolonged erosion. The 
Precambrian rocks of the shield were reduced to an extensive peneplain. After this period of 
erosion, detrital rocks, Permo-Triassic in age, as well as limestone and marls, Mesozoic in age, 
were deposited overlie the basement in clear unconformity (Mohr, 1962). This series was later 
overlapped by Tertiary basalt flows, which present, together with the Upper Paleozoic and 
Mesozoic materials a sub-horizontal structure. In the south and extreme north there are extensive 
outcrops of Tertiary basalts. Quaternary sediments are abundantly found in the western and 
southern parts of the region overlying mostly basement rocks and Teritary volcanic, respectively. 
Tigray, located at the northern most part of the Ethiopian highlands, is bounded by two important 
morphological and structural systems: the Sudan scarps at the west and the Rift graben at the east. 
The later, as well as the Afar Depression, resulted from major faulting and warping during the 
Early Tertiary (Mohr, 1962; King, 1982), which also involved the uplift of the actual Ethiopian 
highlands. From the structural point of view this region reflects the major Precambrian NNE/SSW 
fault system. In fact there seems to be a close relation between the post-Archean planes of 
weakness which affect the Precambrian materials and the Rift faulting (McConnel,1967), that is 
mostly normal and tensional. 
2.1.1.1 Precambrian Formations 
The rocks are volcano-sedimentary successions associated with minor ultramafic bodies and 
intrusive ranging from mafic to granitic in composition. Although in many cases strongly folded 
and foliated, the rocks have generally undergone only weak metamorphism, being of green schist 
facies, but locally reaching amphibolites facies. This reflects the relatively low temperatures to 
which they have been subjected since their deposition. The most conspicuous foliation trend is 
north-south with deviations to northeast northwest.   
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These rocks are part of the Late Proterozoic rocks of the country; of which the lower parts are well 
developed in the southern and western parts of the country, these are in Sidamo and Wollega 
regions respectively (Kazmin,1972; Kazmin,1978). From Wollega these Late Proterozoic rocks 
extend northwards beneath the North Central Massifs, where they are covered by younger rocks; in 
Tigray they form the youngest Precambrian basement units. 
The basement rocks outcrop dominantly in the western, central and in some parts of eastern 
Tigray. 
2.1.1.2 Paleozoic Formation 
The Paleozoic strata of the region include the Enticho Sandstone and Edaga Arbi Glacial. The 
Enticho Sandstone is named after the town of Enticho on the Axum –Adigrat road, and the Edaga 
Arbi Glacials take their name from the town where their type section was described (Dow et al,. 
1971). They are well bedded and poorly consolidated. The Paleozoic rocks are found 
unconformably overlying the basement rocks. 
Even though true tillite forms less than 10 % of the whole thickness, the Edaga Arbi and Enticho 
formations are quite characteristic of glacial deposits. The rocks have been correlated to ether of 
the Late Carboniferous glacial rocks of southern Africa or to the Ordovician glacial rocks of 
Hoggar district of southern Algeria (Dow et al., 1971). The Paleozoic Formations, in general, 
outcrop dominantly in the central, southern and eastern parts of Tigray.  
2.1.1.3 Mesozoic Formations 
The majority of rocks represented by this era are calcareous, and stratigraphically from the bottom 
to top the four main geological divisions are the Adigrat formation, Antalo Formation, Agula 
Formation, and Amba Aradom formation. As surface rocks, these old formations are extensively 
found in the central, eastern and southern parts of the region. The Mesozoic formation comprising 
mostly calcareous rocks are described as the “Mekelle Outlier”. 
2.1.1.4 The Adigrat Formation 
 
It  varies in thickness from a few meters to 800 meters was originally named as Adigrat Sandstone 
after Adigrat town in the eastern Tigray (Blanford, 1870) and includes the whole succession of 
clastic rocks resting uncomformably on the Precambrian basement and overlain uncomformably 
by the Antalo Formation (Dow et al., 1971; Garland, 1980). The Adigrat Formation in some parts 
of the region rests with slight disconformities on the Late Paleozoic to Early Mesozoic 
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sedimentary rocks of Entcho Sandstone and Edaga Arbi Glacials and is overlain by Antalo 
Formation. 
The Adigrat Formation lies at the base of the Mesozoic sequence. It outcrops around the margins 
of the Mekelle Outlier where it has been faulted up or where river incision has exposed it below 
the limestone complex. It also outcrops below the Tertiary basalts in the extreme north of the 
region. 
2.1.1.5 The Antalo Formation 
It was first named by Blanford (1870) at the type locality as Antalo limestone in the region, and 
later described in detail by Mohr (1963), Beyth (1971), Kazmin (1972 & 1978), Merla et al. (1973) 
and Merla (1979). The Antalo Formation is a 750 m thick sequence which consists predominantly 
of fossiliferous yellow limestone containing thin beds of marl and calcareous shale, and 
occasionally arenaceous bands near the top. 
In the Mekelle area, it conformably overlies the Adigrat Formation and grades up ward into Agula 
Formation (Garland, 1980). In the Adigrat area, the total thickness is more than 1000 meters. The 
Antalo Formation predominates around the northwest of the Outlier: the limestone is relatively 
pure but is interspersed locally with marls. 
2.1.1.6 Agula Formation 
In Tigray region, in the Mekelle Outlier and around the escarpment, gray-green and black shale, 
marl and claystone interlaminated with finely crystalline black limestone containing disseminated 
pyrite with some gastropods and brachiopods previously named as Agula Shale after Agula 
village, overlies the Antalo Formation (Arkin et al., 1971; Kazmin, 1975). The sequence, which is 
60 to 250 m thick, contains some thin beds of gypsum and dolomite and a few beds of yellow 
coquina. Near Antalo village, a 200 m thick unit of correlable red and greenish silty marl occurs. 
The Agula Formation is of Late Jurassic (Kimmeridgian) age, and is of probable lagoonal origin 
representing a regression phase of the Jurassic sea.  
The Agula Formation occurs extensively in the central part of the Mekelle Outlier. The formation 
comprises alternate layers of calcareous marls. Shales and limestones contain many minor 
inclusions of dolerite. 
2.1.1.7 The Amba Aradom Formation 
It is formerly known as the upper sandstone (Beyth 1971; Arkin et al., 1971).consists of clay, silt, 
white to pink cross-bedded sometimes laterized sandstones and conglomerates accumulated in a 
fluvio-lacustrine depositional environment. It is cliff forming and the thickness reaches almost 150 
      
7 
 
m in the region, It lies unconformably on the Jurassic sediments (Mahadi, 1968; Greitzer, 1970; 
Kazmin, 1975). 
In northern part of the Mekelle Outlier, the formation consists of claystone and siltstone with 
interbedded massive, sometimes cross bedded, white to pink sandstone (Arkin et al., 1971; Beyth, 
1971). The rocks become progressively coarser in grain size southwards. Further south, on the 
southern rim of the Outlier, the conglomerates and sandstones give way to fine grained sediments 
as the formation thickens again. In most of the area the formation is laterized. 
The Amba Aradom Formation is probably of Late Creaceous age and represents a regressive facies 
of the Cretaceous sea (Kazmin, 1975). 
2.2.1.8 Cenozoic Volcanic Rocks and Sediments  
The Tertiary volcanics are composed chiefly of deeply weathered alkaline and trasititional basalt 
flows of Ashange Formation, Aiba Basalts, Alajae Formation and Tarmaber Gussa Formation. 
They are well presented in the region and cover nearly 16% of the total area of the region (Bureau 
of Planning and Economic Development, 1998). They are outcropping predominantly in the 
western, northern, central and southern parts of Tigray. They form elevated and main mountainous 
areas with very rugged topography where many higher peaks occur. 
In addition to the above mentioned volcanics, stratiographically above them, trachytic and 
phonolitic plugs and associated lavas occur in the area around Adwa and Axum. Tilting and up 
doming of the surround rocks is thought to have preceded the viscous emplacement of vertical-
sided plugs. 
As a consequence of extensive erosion during Cretaceous times, the Tertiary basalts, in general, 
overlie unconformably the Jurassic Adigrat Formation. Even in some places they rest directly upon 
the Precambrian basement. The thickness varies from about 100m, west of Adigrat, to up to 3000m 
in the south of the region (around Maychew).  
2.1.1.9 Quaternary Sediments  
It is the youngest sediment of Quaternary age. These sediments are outcropping in different parts 
of the region occupying flat laying areas forming lowland. It is alluvial and lacustrine deposit. 
They consist of sand, silt, clay, diatomite, limestone and beach sand .These continental deposits 
spread out in alluvial plain and are abundantly found in the western and southern lowlands 
overlying mostly the low grade metamorphic rocks and Tertiary volcanics, respectively. The 
alluvial plains are large stretches of flat land in the Raya valley and along the western border of the 
region with Sudan. These are troughs in the lowlands where during the pluvial stream deposited 
large amounts of sediments carried down from the highlands.    
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There are two type of Quaternary Deposit:- 
2.1.1.10 Holocene 
These are undifferentiated alluvial, lacusterine and beach sediments. These sediments are found in 
the southern parts of the region occupying lowlands along the Raya valley. The total thickness of 
these sediments is between 60and 160 m at different places. 
2.1.1.11 Pleistocene  
These are Quaternary undifferentiated alluvial, lacustern and marine sediments .They are found in 
the northern part of the region bordering to Eritrea. These sediments are consisting of 
conglomerate, sand, clay, reef, limestone, marl and gypsum. 
2.2 Groundwater utilization and Sustainability  
Water is among the most precious of natural resources, the indiscriminate and sometimes 
excessive use of groundwater has led to questions regarding its sustainability. Excessive pumping 
can lead to groundwater depletion, where groundwater is extracted at a rate faster than it can be 
replenished. 
Safe yield, defined as the maintenance of a long-term balance between the amount of withdrawal 
and the amount of recharge (Sophocleous, 2000) as cited http://www.groundwater.sdsu.edu. Thus, 
the issue of groundwater sustainability has arisen (Alley and Leake, 2004). To what extent can a 
region's groundwater resources be exploited without unduly compromising the principle of 
sustainable development? Sustainable development is development that meets the needs of the 
present without compromising the ability of future generations to meet their own needs (The 
World Commission on Environment and Development, 1987).as cited 
http://www.groundwater.sdsu.edu 
2.2.3 Groundwater Management 
Groundwater systems have generally established over times past, a balance between the rates of 
recharge (inflow), the volume of water stored within an aquifer and, the rate of discharge 
(outflow). This simple relationship is called the water balance (or budget) of a groundwater 
system. Any new use (or extraction) of groundwater from a system will cause a change in this 
balance.  
There is rapid development of irrigated production and increased groundwater demand with 
lowlands in the watershed. This tremendous increase in groundwater usage can excess the natural 
recharge and result is declining ground water levels. Irrigated production from the shallow wells is 
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profitable than the rainfed production can mostly vegetables are grown through irrigation and the 
fact that cost of lifting the water is minimal as it is found close to the surface.  
New technology should be adopted to improve irrigation application efficiency; considerably more 
water is with a lawn from the UN our ground surfaces that are utilized by the plant. Losses occur 
due to evaporation, run off, & deep percolation. Average irrigation water use efficiency for the 
region under farmers traditional irrigation is 60-70 %, which means 30-40% more water is with a 
lawn from the a quid that is used by the plant. Optimal development of water sources usually 
involves the conjunctive use of ground water and surface water and the reclamation and reuse of 
some portion of the available water resources. (Allan freeze,1979).  
 
Groundwater resource management is a deliberate attempt to derive greater benefits from the use 
of this resource while avoiding its depletion and any corresponding ecological damage to 
vegetation and other dependent species. The aim is to secure longevity of the State's groundwater 
systems by understanding how these systems operate and establishing a sustainable groundwater 
yield that will meet the needs of all users including, the environment.  
Large-scale groundwater development often results in significant detrimental impacts on the 
resource, including lowering of water tables, salt-water intrusion, land subsidence and lowered 
base flow in streams, which results in ecological damage. Where the use of groundwater is 
concentrated or strategic, the resources have been protected by Prescription under the Water 
Resources (Act, 1997). The Act also allows for the establishment of resource management bodies 
(Catchment Water Management Boards) that are community and industry based. These bodies 
have the responsibility to develop an appropriate management framework that balances the 
economic, social and environmental demands on the available groundwater resources.  
Management plans (Water Allocation Plans) exist or are being developed or revised for those 
regions were the groundwater resources have been prescribed with the aim to achieve levels of 
acceptable use. Unfortunately, the level of development within some of the State's groundwater 
resources already exceeds their estimated sustainable yield and these planning tools should 
eventually redress this imbalance. Urban and rural communities literally live above their 
groundwater resources, thus it is important to recognize that activities, in terms of waste disposal 
and land and water use, may adversely affect groundwater resources. Inappropriate land use and 
management may affect local groundwater systems. A consequence of this may be Salinization of 
soils and land surfaces causing loss of vegetation, erosion of soil, reduction on productivity and 
decrease in groundwater quality.  
An important aspect of groundwater management is the appropriate allocation of water extraction 
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rights and the role of adequate groundwater resource monitoring. By monitoring water levels, 
quality and extraction the health of each groundwater system can be established, and used as a 
check of the effectiveness of the associated management policies. Any change in groundwater 
quality or standing water level (for unconfined aquifers) or pressures (for confined aquifers) can 
indicate how the groundwater system is responding to extraction. This on-going monitoring will 
also enable us to understand how trends in climate and global changes, such as the 'greenhouse 
effect', may influence the State's groundwater resources. 
2.2.1 Recharge and Discharge of Groundwater 
Groundwater levels vary seasonally. They are high at the end of the wet season and low at the end 
of the dry season; likewise, they are high at the end of a wet year and low at the end of one or more 
dry years (a drought period). Nevertheless, on a long-term basis (decades or centuries), naturally 
occurring groundwater levels tend to be steady, i.e., they undergo very little change.  
Groundwater is naturally recharged upstream and discharged downstream. Recharge areas are 
close to mountain peaks, where precipitation is likely to be higher than in the adjacent lowlands. 
Shallow groundwater discharges in the valleys and other low-lying zones of the Earth's crust. Deep 
groundwater discharges directly into the ocean.  
Through human intervention, groundwater is subject to artificial discharge, that is, the process of 
pumping groundwater from an aquifer to satisfy a socioeconomic need. In some instances, 
groundwater may also be subject to artificial recharge. Some progressive communities are 
presently accomplishing the artificial recharge of their aquifers in order to conserve the 
groundwater resource. 
Excessive pumping can lead to groundwater depletion, wherein groundwater is extracted from an 
aquifer at a rate faster than it can be replenished. Depletion can have significant effects on surface 
and unsaturated subsurface (vadose) waters, and on the terrestrial, riparian, and other ecosystems 
which depend on this waters.U.S. Geological survey as cited http://www.groundwater.sdsu.edu 
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                                   Source: U.S Geological survey as cited http://www.groundwater.sdsu.edu 
                                             Figure 1 map of Groundwater circulation  
.There is often advantage to storing water under ground where evaporation losses are minimized. 
Under ground storage also serve to replenish ground water resources in areas of over draft. Any 
process by which man fosters the transfer of surface water in to the ground water system can be 
classified as artificial recharge. The most common method involves infiltration from prodding 
being is to high. Permeability,unconfined, alluvial aquifers. When planning the management of 
ground water system, one need to know the limits to which water can be drown of safe yield 
should be introduced. 
 Safe yield is usually desired as the annual drafts of water that can be with drown with out 
providing some undesirable result. Numerous undesirable results can be produced by ground water 
withdrawal.  (Thomas Duna, 1978). 
From strictly physical definition of safe yield, the rates of recharge & pumping should be adjusted 
so that over a period of years the charge in storage is zero & the resource is not depleted. When 
water is pumped from a new well, the initial withdrawal exceeds the rate at which ground water 
flows in to the vicinity of the well. The ground water table or piezometric surface is there fore 
awarded & slopes to what the well, farming a cone of a depression.  
  The increase in the slope of the pizometric surface increases the flow of water low and the well 
until it balance the pumping rate.  If the slope still increases, the course of depression from 
neighboring wells will eventually intersect if withdrawals continue to exceed recharge. The largest 
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& deepest wells draw water from below the shallower wells, taking away their water supply. This 
leads to competition b/n neighbors & results in the ruination of land owners who lose their water 
supply.  The volume of ground water that can safely be used over either a short or a long period 
without depleting the resource can usually be estimated from exists records. Records for 
agricultural water use may be more difficult to obtain. How ever, reasonable estimated can be 
made based on the crops grown with their water demand.   
  Crops requiring irrigation will usually demand a certain amount of water over the natural rainfall 
for maximum growth. The actual extra volume depends mainly on soil type, air temperatures, & 
precipitation patterns (Feltchar,1995). The use of open wells is a traditional method of tapping 
ground water in areas where ground water table is high. Manual, animal, wind, diesel or electric 
power can be used to bring the underground supplies to the surface (Garg,1987). 
2.3 Groundwater recharge  
Groundwater recharge is defined as the entry into the saturated zone of water made available at the 
water table surface together with the associated flow away from the water table within the 
saturated zone (Freeze & Cherry, 1979). There are many sources of recharge to groundwater 
systems. These include recharge from precipitation, rivers, irrigation losses, urban water sources 
and inter-aquifer flows. Principal recharge mechanisms from these sources have been defined by 
Learner et al., (1990) as direct, localized and indirect: 
Direct recharge: - Water added to the groundwater reservoir in excess of soil moisture deficits and 
by direct vertical percolation of precipitation through the unsaturated zone. 
Localized recharge: - An intermediate form of groundwater recharge results from the horizontal or 
near surface concentration of water in the absence of well defined channels. 
Indirect recharge: - Percolation to the water table through the beds of surface water courses.  
The above definitions are a simplification of reality, since in many cases combinations of the 
various types of recharge will occur. This also leads to different recharge estimation techniques 
(e.g. direct measurement, water balance methods, Darcian approaches, tracer techniques, empirical 
methods). The existence of different combinations of groundwater recharge makes the 
quantification process difficult. 
 
Recharge estimation requires proper understanding of the mechanisms of flow and the interactions 
of groundwater and surface waters. In many places of Ethiopian highlands river discharge records 
are used to estimate recharge. However, none of the four catchments have such a record. 
Therefore, the only method applied here to estimate groundwater recharge from precipitation is the 
      
13 
 
WATBAL model. The model calculates water excess as a residual of other water balance 
components. The advantage of this model is that spatial changes in the evapotranspiration 
component, as influenced by soil and vegetation variations, can be incorporated in the model. The 
method also has a simple scheme to distribute surplus water over successive months. 
The same monthly data set used for the estimation of actual evapotranspiration is used. The model 
assumes water surplus in the soil zone to be direct recharge. The results are summarized in the 
following table for the four catchments. The surplus varies with a small range from 15 to 27 mm 
annually. This surplus incorporates both the groundwater recharge and surface runoff. In fact the 
surface runoff is assumed to be varying small. The result demonstrates that the annual recharge in 
the region is mostly less than 5 percent of the total rainfall. In most of the months there is no soil 
moisture surplus. The soil reaches field capacity only in the rainy months of June, July and 
August. The highest recharge occurs also in these wet months (REST, 2003). 
2.4 Opportunities of Groundwater Utilization  
Groundwater is a renewable resource, but the volume of water actually in storage may vary greatly 
from place to place, depending on the climate, regional hydrogeology, and rate of groundwater use 
for agriculture, industrial, and domestic purposes. From a practical standpoint, groundwater may 
not be renewable in terms of a human lifetime if contamination is allowed, recharge areas are 
eliminated, or extensive mining of groundwater is permitted (Driscoll, 1986). 
As challenges of groundwater utilization, through out the world, regions that have sustainable 
groundwater balance are shrinking by the day (Shah et al., 2000). Three problems dominated 
groundwater use: depletion due to over draft, water logging and Salinization due to agricultural, 
industrial and other human activities. In various regions of the world, especially with high 
population density, dynamic tube-well-irrigated agriculture and insufficient surface water, many 
consequences of groundwater over development are becoming increasing evident. The most 
common symptom is secular decline in water tables.  
In North China’s Henan province, chain’s largest, where some 2 million hectares (52%) of 
irrigated lands are served by the tube wells, water table monitoring data on 358 observation wells 
encompassing 75,000 km2 showed water table declines of 0.75-3.68 meters during 1975-87. In the 
Changzhou prefecture of Hebei province where 76,800 wells irrigate 0.29 million hectares (37%) 
of irrigated area, the area covered by saline water increased by 9.1% during 1980-90 (Shah et al., 
2000). In the Fuyang river basin of North China where International Water Management 
Institution has been studying basin institutions, surface water supplies to agricultural water have 
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been drastically curtailed over a 20 years period of meeting industrial needs. Farmers have 
responded by to groundwater irrigation; the number of tubes wells in the basin has increased to 
some 91000, mostly during the 1970s and the water table has fallen from 8 to 50 meters during 
1967-2000 (Shah et al., 2000).A recent World-Bank memorandum on water management in 
Yemen noted that the problem of groundwater mining represents a fundamental threat to the 
wellbeing of the Yemeni people. Abstraction is exceeding recharging by 400 percent in the 
highlands plains (Shah et al., 2000).  
During the past three decades, low-income countries in dry region of the world have greatly 
expanded the area of their land under irrigation in order to produce the food need needed by their 
rapidly growing human population. Consequently, the proportion of arable lands under irrigation 
has increased dramatically, reaching about 45% in China, 25% in India, 72% in Pakistan, and 28% 
Indonesia. Initially, the expansion of irrigation stimulated phenomenal increases in food- crop 
production. Unfortunately, many irrigation projects failed to implement adequate drainage system. 
As a result, the process of salinization has accelerated, and salts have accumulated to levels that 
are already adversely affecting crop production.  
Irrigation with groundwater is also generally more productive compared to much surface water 
irrigation; groundwater is produced at the point of use, needs little transport; it offers individual 
farmer irrigation on demand that few surface systems can offer; and because its use entails 
significant incremental cost of life, farmers tend to economize on its use and maximize application 
efficiency. Evidence in India suggests that crop yield/m3 on groundwater-irrigated farms tend to be 
1.2-3 times higher than on surface-water-irrigated farms (Shah et al., 2000).  
At a small-scale level, groundwater utilization is highly dependent on construction of shallow 
wells. In arid and semiarid environment where moisture is a limiting element, groundwater is 
considered as an asset for irrigation practices. Water well is a hole or shaft, usually vertical, 
excavated in the earth for bringing groundwater to the surfaces (Todd, 1980). Digging, boring, 
driving or jetting, generally less than 15 m in depth, constructs shallow wells. According to Todd 
(1980), dug wells have furnished countless water supplies throughout the world. Depth ranges up 
to 20 m or more, depending on the position of the water table, while diameter are usually 1 to 10 m 
shallow wells can yield relatively large quantities of water for shallow sources and are most 
extensively employed for individuals water supplies in areas containing unconsolidated glacial and 
alluvial deposits. 
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Most of the shallow wells constructed in Tigray, for domestic water supply and irrigation, are 
along the periphery of grasslands where thousands of livestock depend for their grazing. Yet, the 
grass in the indicated area is perennial mainly due to the capillary fringe from the shallow water 
table. However, the unplanned digging of the shallow wells might disrupt this natural irrigation 
process. Thus, unless, a mechanism is introduced to balance the mining and the rate of 
groundwater recharge, the productivity and survival of thousands of livestock is in jeopardy (Luel, 
2003). 
FAO (2000), cited by Lemma (2004), concluded that smallholder irrigation has brought many 
successes to farmers. Among others are; it enabled farmers to grow high value crops and increase 
their income hence improve their livelihoods, the schemes helped in reducing the rural to urban 
migration by offering the rural population an alternative source of employment.  
2.5 Water and Soil Quality Evaluation  
Conceptually, water quality refers to the characteristics of a water supply that will influence its 
suitability for a specific use, i.e. how well the quality meets the needs of the user (FAO, 1985). 
Quality is defined by certain physical, chemical and biological characteristics. Even a personal 
preference such as taste is a simple evaluation of acceptability.  
The prediction that a water quality-related problem requires evaluation of the potential of the water 
to create soil conditions that may restrict its use or that may require the use of special management 
techniques to maintain acceptable yields (FAO, 1985). 
Water quality or suitability for use is judged on the potential severity of problems that can be 
expected to develop during long-term use. the problems that results vary both in kind and in degree 
and are modified by soil, climates and crop, as well as by the skill and knowledge of the water 
user. As a result, there is no set limit on water quality; rather, its suitability for use is determined 
by the conditions of use which affect the accumulation of the water constituents and which my 
restrict crop yield. The soil problems most commonly encountered and used as a basis to evaluate 
water quality are those related to salinity, sodicity or water infiltration rate, toxicity and a group of 
other miscellaneous problems (FAO, 1985).  
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2.6 Water Quality in Irrigated Agriculture 
2.6.1. Salinity   
Salinity and sodicity are considered separately from other chemical properties because of their 
common occurrence in arid and semi arid region and their special problems they cause in soil and 
water management. Irrigation water quality can have a profound impact on crop production (FAO, 
1985). All irrigation water contains dissolved mineral salts, but the concentration and composition 
of the dissolved salts vary depending on the source of the irrigation water. Snowmelt or water 
supplies from the Sierra Nevada contain very small amounts of salt whereas groundwater or 
wastewater typically has higher salt levels (Bohn et al., 1985). Too much salt can reduce or even 
prohibit crop production while too little salt can reduce water infiltration, which indirectly affects 
the crop. An understanding of the quality of water used for irrigation and its potential negative 
impacts on crop growth is essential to avoid problems and to optimize production.  
According to Bauder et al. (2004), the most influential water quality guideline on crop productivity 
is the salinity hazard as measured by electrical conductivity (EC). The primary effect of high EC 
water on crop productivity is the inability of the plant to compete with ions in the soil solution for 
water (physiological drought) or osmotic effect (Van Hoorn and Van Alphen, 1994).  The higher 
the EC, the less water is available to plants, even though a field may appear wet. Because plants 
can only transpire pure water, usable plant water in the soil solution decreases dramatically as EC 
increases. Classification of salt affected soils are defined as soils that show a concentration of 
soluble salts high enough to interfere with crop growth and exchangeable sodium percentage high 
enough to affect the stability of the soil structure.  
Crop yield highly affected as salinity level increase. Different crops have different response to 
salinity. Beans, onions, and potato and corn reduce yield 50% when electrical conductivity of the 
irrigation water in dS/m at 25oC is 2.4, 2.9, 3.9 and 3.9 respectively. Nevertheless, barely and 
wheat decreases when EC is 12 and 8.7 dS/m, respectively (FAO, 1985 and Bauder et al., 2004). A 
salinity problem related to water quality occurs if the salts in the irrigation water accumulates in 
the root zone.  
Plants growing in saline soils may appear water stressed. In some cases, a white crust is visible on 
a saline soil surface. Salt-affected soils may inhibit seed germination and cause irregular 
emergence of crop seedlings, particularly in sensitive crops such as beans or onions. Plants 
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sprinkler irrigated with saline water often show symptoms of leaf burn, particularly on young 
foliage.  
2.6.2. Sources of Salinity 
All groundwater contains salts in solution, reported salt contants range from < 25mg/l in a quartz 
spring to more than 300,000 mg/l in brines (Todd, 1980 and Bohn et al., 1985). The type and 
concentration of salts depend on environment, movement and sources of the groundwater. 
Ordinarily, higher concentrations of dissolved constituents are found in groundwater than in 
surface water because of the greater exposure to soluble materials in geologic strata (Bohn et al., 
1985; FAO, 1985; and Freeze and Cherry, 1979). Soluble salt in groundwater originates primarily 
from solution of rocky materials. Salinity varies with specific surface area of aquifer materials, 
solubility of minerals and contact time: values tend to be highest where movement of groundwater 
is least: hence, salinity generally increases with depth.  
Precipitation reaching the earth contains only small amounts of dissolved mineral matter. Once on 
earth the water react with the minerals of the soil and rocks in contact with it. The quantity and 
type of dissolved mineral matter depend on the chemical composition and physical structure of the 
rocks as well as the hydrogen ion concentration (pH) and the redox potential (Eh) of the water 
(Todd, 1980). 
In most cases, the soluble salts in soils originate from the weathering of primary minerals in rocks 
and parent material (Bohn et al., 1985, and Brady, 2002). In humid areas, soluble salts are carried 
down through the soil profile by percolating rainwater and ultimately are transported to the oceans 
or to inland seas. In arid regions, leaching is generally more localized. Salts tend to accumulate 
because of the relative scarcity of rainfall, high evaporation and transpiration rates, or landlocked 
topography. Salts are continually released from arid land soils during weathering. For example, 
mafic (dark, magnesium and iron rich) minerals are common in arid-region soil.  
Many groundwaters contain dissolved salts in such concentrations as to make them unstable for 
ordinary purposes. The term saline groundwater generally refers to any groundwater containing 
more than 1000 mg/l total dissolved solids (TDS). Various classifications schemes based on 
dissolved solids have been proposed. According to Todd (1980) and Freeze and Cherry (1979) 
groundwater is classified as expressed as fresh water having a TDS range form 0-1000 mg/l, 
brackish water 1000-10000 mg/l, saline water 10000-100000 mg/l and brine above 100000 
mg/l.many present-day salt affected soils results from human activities. Salts commonly are 
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transported from areas of over-irrigation to accumulate in poorly drained areas. As drainage water 
or irrigation returns-flow evaporates, high concentration of salts may remain. Salts also accumulate 
in under irrigated fields, particularly if relatively saline irrigation water is used. The salt 
concentration of the soil solutions increase steadily as water is removed during plant growth.  
Proper irrigation with water in excess of plant needs in order to leach accumulated salts from the 
plant root zone. Irrigation water quality problems may be caused by total mineral salts 
accumulating so that crops no longer produce well, development of sodic soils, accumulation of 
toxic levels of elements.  
2.6.3. Dissolved Salts 
According to Grattan (2002), dissolved salts in irrigation water form ions. The most common salts 
in irrigation water are table salt (sodium chloride, NaCl), gypsum (calcium sulfate, CaSO4), epsom 
salts (magnesium sulfate, MgSO4 ), and baking soda (sodium bicarbonate, NaHCO3 ). Salts 
dissolve in water and form positive ions (cations) and negative ions (anions). The most common 
cations are calcium (Ca2+), magnesium (Mg2+), and sodium (Na+) while the most common anions 
are chloride (Cl-), sulfate (SO42-), and bicarbonate (HCO3-). The term salinity used here in refers to 
the total dissolved concentration of major inorganic ions (i.e. Na+, Ca+2, Mg+2, K+, HCO3-, SO4-2 
and Cl-) in irrigation, drainage and groundwater (Rhoades and Mashali, 1992). The ratios of these 
ions, however, vary from one water supply to another.  
                       
                         Table5.Classification of saline waters; Rhoades et al., (1992) 
Water class Electrical 
conductivity  
(dS/m) 
Salt 
concentration  
(mg/l) 
Type of water 
Non-saline <0.7 <500 Drinking and irrigation water 
Slightly saline 0.7 - 2 500-1500 Irrigation water 
Moderately saline 2 - 10 1500-7000 Primary drainage water and groundwater
Highly saline 10-25 7000-15000 Secondary drainage water and 
groundwater 
Very highly saline 25 - 45 15000-35000 Very saline groundwater 
Brine >45 >45000 Seawater 
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                            Table 6 USDA classification of salt-affected soils 
Soil 
ECe 
(dSm-
1) ESP pH Description 
Saline soils >4 <15 <8.5 
Non sodic soils containing sufficient soluble 
salts to interfere with growth of most crops 
Saline sodic soils >4 >15 <8.5 
Soils with exchangeable sodium to interfere 
with growth of most plants, and containing 
appreciable quantities of soluble salts 
Sodic soils <4 >15 >8.5 
Soils with sufficient exchangeable sodium to 
interfere with growth of most plants, but 
without appreciable quantities of soluble salts 
 
2.6.4 Sodium Hazard 
Sodium hazard is defined separately because of its specific detrimental effects on soil physical 
properties. The sodium hazard is typically expressed as the sodium adsorption ratio (SAR). This 
index quantifies the proportion of sodium (Na+) to calcium (Ca++) and magnesium (Mg++) ions in a 
sample. Calcium will flocculate, while sodium disperses soil particles. This dispersed soil will 
readily crust and have water infiltration and permeability problems (Rhoades et al., 1992). General 
classifications of irrigation water based upon SAR values are shown inTable 3. 
                          Table 7 Sodium hazard of water based on SAR values; Grattan (2002) 
SAR values Sodium hazard of water Comments 
1-9 Low Use on sodium sensitive crops must be cautioned 
10-17 Medium Amendments (such as gypsum) and leaching needed 
18-25 High Generally unsuitable for continuous use 
≥26 Very High Generally unsuitable for use 
             
 
      
20 
 
CHAPTER THREE METHODS AND MATERIALS  
3.1 Description of the Study Area  
  3.1.1 Location and aerial extent  
The study area, Gergera watershed, is located in the Eastern Zone of Tigray Regional State in 
Atsbi Wemberta Woreda.geographically, it is located between 39º 30' – 39º 45' E and 13º 30' – 13º 
45' N. and has an aerial extent of about 8.02 Km². 
 
           
                                   Figure 2 Location of Gergera Watershed.  
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           Figure 3 Photo of Gergera Watershed 
3.1.2  Accessibility 
The study area has good accessibility. It is branched from the main asphalted road that runs from 
Mekelle to Adigrat to ward the eastern direction of the main road, at the Agula town. From Agula 
town on ward to the study area there is a well constructed all whether road. The study area is 
accessible through out the year. 
3.1.3 Drainage Pattern  
There are many small intermittent rivers that drain the area. These streams originate from the 
surrounding highlands. The streams are dense at the area of higher slops and sparse where the slop 
is relatively flat. Most of the steep well-drained areas usually have numerous small tributaries 
where as the gentle slopes and plain areas have long streams in places where the soils are deep and 
permeable. In general, the study area has a denderetic drainage pattern. The main sources of supply 
for the streams are rainfall during the rainy season and to a lesser extent a group of springs that 
issued at the contacts, through fractures and foliation.  The watershed has a swampy area that has 
an aerial extent of 0.017 Km2.  
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  Figure 4 Drainage of Gergera Watershed in 2007. 
3.1.4 Physiography and Relief   
The Northern part of Ethiopia is known for its mountainous and rough topography, the Atsbi 
Wemberta area also shows such pronounced contrasts in the topography.Gergera watershed 
consists of small depressed area that extended from South-East to North-West bounded by 
adjacent highlands. The maximum peak reaches 2560 m above sea level in the Asagulo Ridge, 
which is found in the Southern part of the study area consisted of Adigrat Sandstone unit. The 
minimum reading taken at the low land, which is 2140 m above sea level at the central part of the 
area. Generally, the study area is more of plateau, with an average elevation of 2350m. 
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                        Figure 5 Digital Elevation model of Gergera Watershed 
3.1.4.1 Slope 
The nature of slope in a basin gives an idea about the rate of infiltration and erosion. The nature of 
soil and rock are also affecting factor for the rate of erosion and infiltration. The slope form of the 
area is developed and presented in the figure below. The studied area has been classified into six 
slope classes: 0 -15 % (flatland), 15 -30 % (gentle), 30 – 45 (intermediate), 45 – 60 % (slightly 
steep) and 60 – 75 % (steep)  
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Figure 6 Slope map of Gergera Watershed 
3.1.5 Geology 
The geology of the studied area is constituted by the rocks ranging from Precambrian to the 
present. 26.5 % of the total area of the basin is covered by the basement rocks and their associated 
intrusive. The Paleozoic, Mesozoic and recent sediments cover 2.5%, 31 % and 40 % of the total 
area of the basin, respectively (Figure 7). 
3.1.5.1 Basement Rock 
The basement rocks of the Gergera watershed comprise of metavolcanics. 
3.1.5.1.1 Metavolcanic 
It covers small area of the Gergera watershed, which is mainly exposed in northern and 
northeastern part of the study area as hill side exposure. It has a sharp contact with Adigrat 
sandstone and Enticho sandstone at the eastern part, with phyllite at the northern part and with 
Slate at the western part of the study area. It is a fine grained rock with massive and crystalline 
nature. It has a black to greenish fresh color with olive-green coating on the surface whereas its 
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weathered color is reddish brown color. It has bolder of which out cropping in most of the area 
with out visible coarser crystals. It has moderate vegetation cover. It covers 26.5 % of the area. 
3.1.5.1.2 Enticho Sandstone 
This unit found outcropped in the northern and northeastern parts of the area.  It has a contact with 
metavolcanic. Its fresh color is whitish and weathered one is yellowish. The texture is coarse 
grained mostly friable, compositionally high silica content. It is exposed as hill side and overlies 
on the Basement rock unit. The thickness of this unit varies from 30–50 m and covering 2.5 % of 
the total area. 
3.1.5.1.3 Adigrat Sandston 
This litho logical unit found covering small portion of the study area in the southern part. Its 
thickness ranges from 50 to 70 m. It formed a ridge called Asagulo. Asagulo runs from east to 
west. This unit makes a sharp contact with metavolcanic in the eastern part of the area where a 
group of springs are issued. 
The fresh color of this unit ranges from reddish to whitish where as the weathered color is ranging 
from reddish brown to dark grey. It has coarse grained to medium grained texture, and found 
overlying Enthico Sandstone. Characterized by parallel aligned fractures, where the density of 
fracture is increased from east to west. The fractures are dominantly found in the whitish sandstone 
and generally oriented south to north. This unit found exposed as hill side, and occupies 31 % of 
the total area. 
3.1.5.1.4 Alluvial Deposit 
It is a Quaternary deposit occurs in the valley bottom bounded by the adjacent highlands. It’s 
found overlying all the above mentioned rocks. Alluvial deposit of the study area is composed of 
very fine to medium grained materials, ranging from clay size to sand size particles. In some areas, 
it has gravel size material in the deeper part, which bears groundwater. 
The alluvium is found in the central part of the basin with an alignment of east-west. The average 
thickness of alluvial deposits as exposed in the river cuts and hand dug wells is about 7 m. It is 
found covering 40 % of the total area.   
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             Figure 7 Geological map of Gergera watershed 
3.1.6 Land use and Land covers    
The land use and land cover of the area is classified in to seven classes. These are grazing land, 
cultivated land, forest, bushes and shrubs, settlement, swampy area, bare land. Most of the area 
especially the mountains is bare land, with thin soil layer between fractures and also covered by 
thin vegetation and the remain area is flat lands between the highlands, which is used for 
cultivation and grazing land by the local peoples. Cultivated land, grazing land and swampy area 
are found on the flat land, which is found in the central and western part of the study area. Small 
area is covered by forest, around the Gergera Medhanealem Church and at the contact of Adigrat 
Sandstone and Metavolcanic rock unit, which is found at the North-Eastern part of the study area. 
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                                 Table 4. Arial extent and proportion of the land use 
 
 
 
 
 
 
 
 
 
 
Land use Arial Extent 
(km2) 
Area Proportion 
(%) 
Grazing land 0. 8 9..97 
Cultivated land 1. 54 19.2 
Forest 0.021 0.262 
Bushes & Shrubs 1. 32 16. 5 
Settlement 0. 82 10. 22 
Swampy Area 0. 071 0. 212 
Bare Land 3. 5 43. 64 
Total 8. 02 100 
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                                       Figure 8 Land use map of Gergera watershed 
3.1.7 Soil  
Based on USDA soil textural classification method, the soil that is found in the study area is 
grouped in to four different soil classes: - sandy loam, clayey sand and sandy clay loam and clay. 
In the basin, sand is found as its pure form, and also in combination with clay and loam. Loam is a 
soil composed of a relatively even a mixture of three mineral particle size groups: sand, silt and 
clay. Loams are plastic when moist, and retain water easily. The proportions of sand sized particles 
are also prominent in sandy clay loam and sandy loam soil types. Sand loam, clayey sand and 
sandy clay loam and clay have 12.5%, 8.3%, 7.7% and 3.5% aerial coverage, respectively. 
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                                    Table 5, Arial extent and proportion of each soil textures 
Soil Type  Arial extent (km2) Area Proportion (%) 
Sand loam 1 12.5 
Clayey Sand 0.67 8.3 
Sandy Clay loam 0.62 7.7 
Clay  0.28 3.5 
 Rock 5.45 68 
   
                                          Figure 9 Soil texture map of Gergera watershed. 
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3.1.8 Vegetation 
Vegetation is the most important for soil conservation and also for fuels formation. In the Gergera 
the distribution of vegetation consists of more or less bushes and shrubs, these vegetations cover 
most of the steep mountains and ridges. However, few indigenous trees like “Tid” and “Weira” are 
found in the NE part of the study area, the area where the springs are found. Eucalyptus tree are 
found in the settlement areas. Grassland is also found in the central lowland area. Some soils like 
sand loam and sandy clay loam found on the lowland area are fertile. Because of this some types 
of cereals and vegetables are available with medium yield. The cereals include Maize, Wheat and 
barely. The people living in the study area cultivate crop twice a year using irrigation. 
3.1.9   Hydrogeological Characteristics 
In this section the Hydrogeological characteristics of the unconsolidated sediments of the 
watershed have been described with a particular reference to their water storage and transmission 
capacities. 
3.1.9.1 Unconsolidated Alluvial Sediments 
The alluvial deposits of the study area consist of six major aquifer units. These are: sand, gravel, 
sandy gravel, gravely sand, sandy clay and gravelly clay. These units are distributed variably in the 
area; generally sand is the dominant which is outcropping in the southern part of the area and 
along the margins of the Gergera River which tends to sandy clay towards northern part. The 
gravel unit has a small aerial extent which is localized in northern part and at the peripheral sides 
of the basin and river. 
These water bearing formations are the most common shallow groundwater aquifers which can be 
tapped by larger diameter hand dug wells. Permeability and productivity vary from place to place 
grain size distribution, sorting and thickness of the alluvial sediments. Accordingly, these 
sediments as a whole may be taken to have a moderate permeability and productivity. 
3.1.9.1.1 Sand 
The sand unit, which is the weathered part of the sandstone unit in which it comes from high 
topographic area by surface runoff, lies in the southern and south western parts of the Gergera 
watershed. Generally, it is coarse grained with well sorted sediments. The coarse grained sands are 
aquifers with higher potential of water than the other sand units. In this type of aquifer there is 
more chance of infiltration than runoff of the precipitation in to the subsurface   
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3.1.9.1.2 Gravel 
The gravel unit are mostly derived from the hill side or top of the basement rocks by the process of 
weathering and transported to the Gergera basin by surface runoff. This unit of the unconsolidated 
sediments is most dominantly lying on the northern and near the margins of the river basin. This 
type of aquifer is characterized by a good productivity and permeability nature. 
3.1.9.1.3 Sandy Gravel 
The sand dominated gravel, which mostly found at the northern, northeastern and central part of 
the watershed, covers a very large area of the total alluvial deposits. In this unit the water 
storativity is generally better than Transmissivity. This lower Transmissivity is, however, good for 
better water quality by infiltrating the surface water.  
3.1.9.1.4 Gravelly Sand 
Gravelly sand unit is mostly situated at the peripheral sides of the gravel unit in the Gergera 
watershed. Unlike to the sandy gravel, this unit has better Transmissivity than storativity and its 
quality of water is relatively poor. Because, this unit is higher porosity than sandy gravel. So that it 
can transmit water easily rather than storing with in it. 
3.1.9.1.5 Sandy Clay  
This type of aquifer character is mostly situated in northern and central part of the watershed. This 
unit reduces the potential of water due to the insertion of clay sediments in the interstices of sand. 
Since this type of aquifer is situated at the top part of the geological log, it has low quality and 
quantity of water productivity. 
3.1.9.1.6 Gravelly clay 
The gravel dominated unit of aquifer is characterized by less extensive in aerial coverage and very 
thin geological layer. The clay fills the voids of gravel which takes part of the water body. This, 
however, reduces the amount of water in the aquifer.  
3.1.10 Surface Hydrology 
      3.1.10.1 Rainfall 
The rainfall data of the Gergera watershed were taken from Wukro metrological station which is14 
km from the target area. The data was collected from the last 15 year records (1992-2006) and the 
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mean is tabulated and presented on the Table below. Accordingly the mean annual rainfall of the 
study area is 609.7mm.    
Rainfall is a major factor controlling the hydrology of the area. It is the main input of water to the 
earth’s surface (more particularly to the study area) and for surface water potential analysis. The 
amount of annual rainfall influences the type of investigation and stream and spring discharge and 
volume. 
 
                                 Table 6, Mean Monthly Rainfall (mm)  
 
 
 
 
 
 
 
                                 Figure 10 Mean monthly rainfall of Gergera watershed 
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Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Mean 
monthly 
rain fall 
(mm) 
0.6 7.0 29.2 42.1 31.1 42.4 199.0 217.6 27.1 5.9 3.6 4.1 
      
33 
 
 3.1.10.2 Seasonality of Rainfall 
The aerial pattern of the seasonality of rainfall in Gergera watershed was determined by analyzing 
mean monthly rainfall data for Wukro Meteorological station. The comparison of the monthly 
distribution of rainfall at this station was made by adopting the method from a study of 
precipitation data for calculation of “Rainfall coefficient” for each month at the station.  
To distinguish between a “rainy” month and a “dry” month in the Awash basin study the following 
standard were used, a month categorized under rainy month when the monthly rainfall coefficient 
reaches 0.6, and distinctly rainy when it exceeds 0.8. Extremely rainy months have a coefficient of 
more than 1(that means the rainfall exceeds the module value) (Daniel, 1974).  
                
                                     Table 7 Classification scheme of monthly rainfall values: Daniel, 1974                         
  
Designation Rainfall coefficient 
Dry month Less than 0.6 
Rainy month 
       Small rains 
       Big rains  
             Moderate concentration
             High concentration 
            Very high concentration
0.6 and over 
0.6 to 0.9 
1.0 and over 
1.0 to 1.9 
2.0 to 2.9 
3.0 and over 
 
On the basis of the above classification, as depicted in Table 8, the area is characterized by one 
rainy season during the year. This also means that there are two dry seasons during the year. 
The rainy season in total have five months: April, May, June, July and August. The amount of 
rainfall that occurs during the season accounts 82.28% of the mean annual rainfall of the area. The 
rains that occur during the months of April, May and June are small rains, and accounts 19% of the 
average annual rainfall of the area and 21.72% of the rainfall that occurs during the rainy season. 
The big rains occur in July and August. The big rain in both months occurs with very high 
concentration, and account for 68% of the average annual rainfall of the area and 78.28% of the 
mean annual rainfall that occurs during the rainy season. 
Gergera catchment’s characterized by two dry seasons. The first dry season starts in January and 
ends in March and The second from September to December. The amount of rainfall that occurs 
during these seven months of dry seasons in total accounts for 17.72 % of the average annual 
rainfall of the area. 
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                               Table 8 Seasonality of Rain fall in the study area 
 
  
 
3.1.10.3 Temperature 
Temperature data were taken from the Wukro meteorological station, which is 14km far from the 
study area from the last 13 years (1994 – 2006).These data is extrapolated to the study area by 
allowing 0.6oc increment for 100m depression. The temperature decreases by 2.24 oc for 373m 
elevation increment   
The mean annual minimum temperature of the study area is 8.92 oc and the mean annual maximum 
temperature is 25.9 oc. The mean annual temperature of the area is 17.4 oc. 
In the Gergera watershed, as in all other places of Ethiopia (Tropical), the altitude of the sun is 
always high, making solar radiation intense. In the amount of daily received solar radiation the 
variation is small through out the year. Temperature is high during the day and is considerably 
reduced at night causing the daily range of temperature to be large. Slight seasonal variations in 
the angle of the Sun’s rays and length of the day are primarily controls on temperature, resulting in 
yearly temperature range that is less than the daily range (Nata, 2006). 
 
 
 
 
Month Jan Feb Mar Apr May Jun  Jul Aug Sep Oct Nov Dec 
Mean 
monthly 
rainfall 
0.6 7.0 29.2 42.1 31.1 42.4 199 217 27.1 5.9 3.6 4.1 
Rainfall 
coefficient 
0.012 0.14 0.575 0.828 0.612 0.834 3.916 4.282 0.533 0.12 0.071 0.081 
Season Dry Dry Dry Rain
y 
Rainy Rainy Rain
y 
Rain
y 
Dry Dry Dry Dry 
Amount _ _ _ Smal
l 
Small Small Big Big _ _ _ _ 
Concentrat
ion 
_ _ _ _ _ _ Very 
high 
Very 
high  
_ _ _ _ 
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Table 9 Extrapolated mean monthly max., min. and average temperature 
 
 
                  Figure 11 Extrapolated mean monthly air temperature  
From this extrapolated mean temperature data analysis the minimum air temperature is 15.16oc in 
December and the maximum air temperature is 19.36oc in May. The annual range of temperature is 
4.2oc  
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Table 10 Mean monthly rainfall and mean monthly air temperature 
  
Months Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
m.m.rf 0.6 7.0 29.2 42.1 31.1 42.4 199.0 217.6 27.1 5.9 3.6 4.1 
m.m.at 15.87 16.76 18.36 19.16 19.36 19.26 17.96 17.66 17.36 16.56 15.46 15.16
   
                                      Where: - m.m.rf =Mean monthly rainfall 
                    m.m.at =Mean monthly air temperature  
 
  Figure 12 Temperature Rainfall Relation  
 
Even though the maximum air temperature occurs in May, high temperature values are observed 
during the rainy seasons. Months in the rainy seasons are warmer than months in dry seasons. 
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3.1.10.4 Wind speed 
Like other hydrological elements wind speed has also a strong influence on the principal 
hydrologic cycle. A seven years (2000 – 2006) wind speed data was collected from Senkata 
meteorological station at elevation of 2m above the surface. The mean monthly values were 
computed and given in the table below.   
               Table 11 Mean monthly wind speed (m/s) at Senkata station  
 
Months Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Average 1.96 2.03 2.15 2.495 2.56 2.02 1.35 1.33 2.25 2.46 2.11 1.88
 
 
 
  Figure13 Mean monthly wind speed at Senkata station  
 
The maximum and minimum wind speed are obtained in May (2.6m/s) and August (1.28m/s) 
respectively. Generally the highest wind speed values are found in dry months where as the lowest 
occurs in very highly rainy months.  
3.1.10.5 Relative Humidity 
The relative humidity data was taken from Senkata meteorological station. The data was reduced 
from 2002 to 2006. The mean monthly relative humidity was computed and given in the table 
below.  
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  Table 12 Mean monthly Relative Humidity (%) at Senkata station 
 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Mean 
RH 
(%) 
43 37 43 48 40 45 74 78 47 48 47 45 
 
    
 
                                                 Figure 14 Mean monthly relative humidity 
The maximum and minimum relative humidity value is found in August (78%) and February 
(37%), respectively. These maximum and minimum values are also with in very highly rainy 
months and dry months, respectively. Generally, rainy months have highest relative humidity 
where as lowest values of relative humidity are recorded in dry months.  
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3.1.10.6 Solar radiation 
The radiant energy from the sun is the main source of energy at the earth’s surface which drives 
the hydrologic cycle such as evaporation. Monthly sunshine hour’s data were collected from the 
Senkata meteorological station. Which is 30 km from the study area? The data was recorded from 
2000 – 2006. The mean monthly sunshine hours of the area are given in the table below.   
                                Table13 Mean monthly sunshine hours at Senkata station    
           
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Mean 
monthly 
sun 
shine 
hours  
10.05 10.19 8.97 9.88 9.50 7.37 4.59 5.16 8.00 9.06 9.80 10.08 
  
 
                                    Figure 15 Mean monthly Sunshine hours 
 
The maximum sunshine hour is recorded in February (10.19hrs), December (10.08hrs) and January 
(10.05hrs) and the minimum one is in July (4.59hrs). 
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3.1.10.7 Evapotranspiration 
In this study FAO Penman-Monteith model was used to estimate the potential evapotranspiration 
at the area.. This method is selected as the method by which the evapotranspiration of this 
reference surface (PET) can be unambiguously determined, and as the method which provides 
consistent Etovalues in all regions and climates. The equation uses standard climatologically 
records of solar radiation (Sunshine), air temperature, humidity and wind speed. To ensure the 
integrity of computation, the weather measurements are made at 2meters above an extensive 
surface of green grass, shading the ground and not short of water. 
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    3.2.2.4.2 Actual evpotraspiration (AET) 
Water balance method was used to estimate the AET of the area. The main steps used by this 
method to calculate AET are discussed below. 
      1. Various climatic data for the study area were collected from the above mentioned 
metrological station. 
      2. The PET was calculated by using FAO Cropwat 4 Windows software. 
3.2.2.4.3 Soil moisture storage determination 
Before getting the soil moisture storage, the available water capacity has to be determined. The 
available water capacity (in %) for different soil types are obtained by: 
 
AWC = FCM – PWPM------------------------------------------Eq.10 
                          Where: - AWC = available water capacity 
   FCM = field capacity moisture 
   PWPM = permanent welting point moisture    
Field capacity and permanent welting point was determined by PF instrument Under 3 and 15 bar 
pressure respectively. AWC value multiplied by the root depth of plant will give the available 
water capacity of the root zone. For certain vegetated area, soil moisture content is less than or 
equal to available water capacity of root zone (Stephen,1999). Thus, either soil moister equals 
available water capacity of root zone at the end of wet season or that soil moisture is nil at the end 
of dry season. In this study the first suggestion is adopted. After getting the initial value of soil for 
one month, the soil moisture of the next month can be obtained by using a standard table that 
relates the available water capacity of root zone with accumulated potential water loss. The 
accumulated potential water loss can be given by subtracting PET starting from the dry month 
from the sum of all the negative values of precipitation. 
 
3. AET determination 
AET for each month can be calculated as follows: 
 
If Pm > PETm, then PETm = AETm -------------------------------------Eq.11  
 
If Pm < PETm, then AETm=Pm +|∆SMm| -------------------------------Eq.12 
 
  Where AETm – monthly AET 
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   PETm – monthly PET 
   Pm – monthly precipitation 
   ∆SMm- monthly change in soil moisture 
 
4. Over all basin AET determination:- 
The total ET that occurs in the basin is the arithmetic mean of the annual actual ET form each land 
use weighted by their aerial coverage. 
   
   ∑= A aAETAET iiT * ---------------------------Eq.13    
Where: - AETT - Total evapotranspiration 
AETi - Annual evapotranspiration for each land use 
Ai - Area of each land use 
A - Total basin area 
3.2.2.5 Runoff determinations  
For runoff estimation, the curve number method was used. This method is based on the potential 
maximum retention (S) of the watershed, which is determined by wetness of the watershed that is 
antecedent moisture condition (AMC) and physical characteristics of the watershed. 
Mathematically it is given as:  
 
SP
SPR
8.0
)2.0( 2
−
−=         -------------------------------------Eq.14 
 
CN
CNS 4.252540 −= -------------------------------------Eq.15 
Where: -  
 S = Maximum potential retention of the watershed (mm) 
CN = Curve number 
P = Precipitation 
R = Runoff 
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3.2.2.6 Infiltration 
The annual infiltration that occurs in the area can be obtained using water balance concept. 
The water balance of a place, an agricultural field, basin or continent, can be determined by 
calculating the input, output, and storage changes. In broad sense, the water balance is given by the 
equation 
SOI i ∆±=   ---------------------------------------------------Eq.16  
Where Ii = Inflow 
           O = Outflow 
           ∆S=Change in storage 
Having this general equation in mind, an attempt was made to identify the inflow and outflow 
elements of the basin.  Accordingly: 
i.  The out flow elements are actual evapotranspiration(AET), withdrawal of  water from the 
basin for different purpose (including spring discharge)(W), surface  runoff (R) and net 
infiltration into the ground water system(I) 
ii.  The only inflow element is rainfall (P). 
iii.  The annual change in soil moisture is assumed to be zero. 
iv.  Ground water inflow and outflow into and out of the basin is assumed to be zero. 
Then, the above equation will reduce to: 
 
SRWAETGIGAP oir ∆±++++=++ -----------------------Eq.17 
Where:- 
 P = Precipitation   I = Infiltration  
 Ar = Artificial recharge  R = Surface runoff 
 Gi = Groundwater inflow           AET = Actual evapotranspiration 
      Go = Ground water out flow    
                                                   W = Withdrawal  
      ∆S = Change in storage      
By rearranging this equation, the amount of water that infiltrate into the ground (I) can be obtained 
as, 
)( RWAETPI ++−= ---------------------------------------------Eq.18 
      
47 
 
 3.2.2.7 Hydraulic characteristics of Aquifers and Aquifer Productivity    
determinations 
 
Various data that were collected during the field work were measurements of well discharge, 
inventory and collection of GPS readings of shallow wells, springs and boundaries of land use 
map, water and land use management interview also conducted for the owners of the farm land. 
This phase of methodology focused under hydrogeological investigation. Activities under this 
investigation include geological and structural investigation, inventory of springs, hand dug wells, 
and water level measurements, discharge measurements (draw-down) and productivity 
measurements. Withdrawal of water was done using a motorized dewatering pump. In the field 68 
hand dug wells were inventoried out of this 48 of the dug wells are productive and the rest are 
collapsed and dried. Out of the 48 productive wells a representative of 6 wells randomly were 
taken to be discharged and collect the draw-down data and recovery data to evaluate the 
productivity of the aquifer. 
To define aquifer characteristics the following parameters are generally used; 
1.Transmissivity (T) 
Transmissivity is a measure of the amount of water that can be transmitted horizontally through a 
unit width by the full saturated thickness of the aquifer under a hydraulic gradient. It is the product 
of the hydraulic conductivity and the saturated thickness of the aquifer. 
           T= bk-----------------------------------------------------------------------Eq.19 
where, T is transmissivity (L2/T, m2/d) 
    b- Is saturated thickness of the aquifer (L; m) 
    k- Is hydraulic conductivity (L/T;m/d) 
For a multilayer aquifer, the total transmissivity is the sum of the transmissivity of each of the 
layers. 
  T=∑Ti---------------------------------------------------------------------------------------------------------- Eq.20 
Aquifer transmissivity is a concept that assumes flow through the aquifer to be horizontal. In some 
cases, this is a valid assumption; in others it is not. 
2.Storativity (S) 
It is the volume of water that a permeable unit will absorbs or expel from storage per unit surface 
area per unit change in head. It is a dimensionless quantity. 
3.The Specific Storage (SS ) 
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It is the amount of water per unit volume of saturated formation that is stored or expelled from 
storage owing to compressibility of the mineral skeleton and the pore water per unit change in 
head, this is also called the elastic storage coefficient. 
The specific storage is given by the expression (Jacob 1940, 1950: Cooper 1966) 
  Ss= ρw .g (+ηβ) --------------------------------------------------------Eq.21 
  Where, ρw   is the density of water 
g    is the acceleration due to gravity 
      is the compressibility of the aquifer skeleton 
η    is the porosity 
β    is the compressibility of the water 
Specific storage has dimensions of 1/l the value of specific storage is very small. 
The storativity (S) of a confined aquifer is the product of the specific storage (SS ) and the aquifer 
thickness (b). 
  S= b SS ---------------------------------------------------------------------------------------------- Eq.22 
Since specific storage has dimensions of 1/L and the aquifer thickness dimensions of L, storativity 
is dimensionless. 
For unconfined unit, the storativity is found by the formula: 
  S= Sy + h Ss --------------------------------------------------------- Eq.23 
 Where; h- is the thickness of the saturated zone 
 Sy- is specific yield 
3.2.3 Laboratory Analysis  
      3.2.3.1 Water Quality Analysis 
The major and minor cations were measured by AAS and the anions (bicarbonates and carbonates) 
were measured by titration method. Electrical conductivity and pH (hydrogen ion concentration) 
was measured by EC and pH meter, respectively. The detailed analytical calculation including 
Total dissolved solids, Alkalinity, Hardness, Water type and the balance error  was carried out by 
Aqua chem software.  
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3.3 Materials  
The instrument and materials that were used during the survey and at different stages of the study 
were: 
1. GPS (Geographic Positioning System) to locate specific wells and springs as well as for taking 
points of the boundary of the land use map. 
2. Geological hammer for breaking down of different rock samples 
3. Tape meter to measure well dimensions 
4. Deep meter to measure water level at different depth of the well 
5. Motor pump (adjustable) to discharge water from wells 
6. Topographic maps at a scale of 1:50000 
7. Computer, scanner, and photo camera (Digital) 
8. Sample bags, plaster, note book, pens and pencils 
9. Arc view soft ware 
10. ILWIS soft ware 
11. 3D- Analysis soft ware 
12. Aqua test soft ware 
13. Core sampler 
14. Cropwat 4windows 
15. Aqua chem. 
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3.4 Sampling Methods  
Initially inventory of all available hand dug wells were carriedout together with this 
symentaneously measurement of ECw with its corresponding water and air temperature were 
determined  The ECw then classified based on Todd (1980) water class.EC of water for 13 hand 
dug wells, 3 sprigs and 1 swampy at 25oC, the result was arranged in ascending order. 
Consequently, water classifies in to less than 0.251, 0.25-0.752 and 0.75 -2.003 dSm-1; for excellent, 
good and permissible respectively, then after by applying systematic and stratified sampling10%  
the total  sampling population was determined and the sample for the soil was also decide to be as 
the same as that of the water Accordingly. A total of 17 water samples from hand dug wells, sprigs 
and swampy and 12 soil samples from irrigated lands/commands of the hand dug wells and 2 from 
non irrigated land.  
3.5 Data analysis  
The major and minor cations were measured by AAS and the anions (bicarbonates and carbonates) 
were measured by titration method. Electrical conductivity and pH (hydrogen ion concentration) 
were measured by EC and pH meter, respectively. The detailed analytical calculation including 
total dissolved solids, alkalinity, hardness, water type and the balance error was carried out by 
AquaChem software. And other soft wares like Arc-view, ILWIS soft wares for different map out 
puts, and Aquifer-test for the productivity of aquifers. Finally, interpretation and compilation of all 
the data to prepare the final thesis was made. 
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 Water class 1, <0.25 dSm-1 Excellent 
 Water class 2, 0.25-0.75 dSm-1 Good 
 Water class 3, 0.75 -2.00 dSm-1Permissible 
CHAPTER FOUR RESULTS AND DISCUSSIONS 
4.1 Basin Morphometry 
4.1.1 Stream Order 
Figure 16 displays stream order of the Gergera catchment in 2007.  Most of the streams in Gergera 
watershed were first and second order with few third order types. Stream order expresses stream 
nature like; degree of branching (hierarchical relationship between stream segments), energy of 
stream and relative discharge of tributaries to the main stream. As the stream order increase the 
volume of the water in the stream increase. 
The degree of branching is determined by dividing the number of stream segments of one order 
and the number of the next higher order. This number varies slightly between different sequences 
of orders so the mean value is taken; and the ratio is termed as bifurcation ratio. High value of 
bifurcation ratio indicates high degree of branching of stream channel. 
 
Figure 16 Distribution of stream orders of Gergera catchment in 2007.   
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4.1.2 Stream Length 
The stream length of Gergera catchment is given in Figure 17 On average, the stream length in the 
first order was 866m, second order 563m and that of third order was 56m. The longest stream 
length associated with the flat plain of alluvial deposit and that of the shortest stream was related 
to the flunk of the mountains.  
The stream frequency of the area is variable at different places of the area. A higher frequency 
with short stream length is observed at the north-eastern part where there is relatively steeper 
slope, where as; streams with lower frequency and higher stream length dominated the central and 
western portion of the study area where the slope is flat to gentle slope. 
 
 
 
Figure17 Code of major streams in Gergera watershed 
4.1.3 Drainage Pattern  
There are many small intermittent rivers that drain the area. These streams originated from the 
surrounding highlands. The streams are dense at the area of higher slops and sparse where the slop 
is relatively flat. Most of the steep well-drained areas usually have numerous small tributaries 
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where as the gentle slopes and plain areas have long streams in places where the soils are deep and 
permeable. In general, the study area has a denderetic drainage pattern. The main sources of supply 
for the streams are rainfall during the rainy season and to a lesser extent a group of springs that 
issued at the contacts, through fractures and foliation.  The watershed has a swampy area that has 
an aerial extent of 0.017 km2.  
4.1.4 Drainage Density 
In Gergera watershed, high drainage density is observed at the east and north eastern part and low 
drainage density characterizes the central and western part. The drainage density is calculated by 
considering the whole area using equation-1, and it is found to be 0.3 km2.  
Drainage density is the ratio of mean length of stream channels per unit area. This reflects a 
balance between erosion forces and resistance of ground surface. Generally impermeable and steep 
areas with no vegetation cover have high drainage density and permeable, flat and vegetated areas 
are characterized by low drainage density. 
4.1.5 Aerial Parameters 
4.1.5.1Basin Shape  
The present shape of Gergera watershed has more or less elongated (oval) shape in which the 
major axis is almost parallel to the east-west direction and the minor axis is parallel to the north-
south direction. Previously the area were highly eroded and desert, but after continuous struggle of 
the government in collaboration with the local people the area has achieved its present land form.  
4.1.5.2Basin Area  
Watersheds are well defined areas which are separated from each other by drainage divides. In this 
study the Gergera watershed is delineated and the overall area is found to be 8.02 km2. 
4.1.5.3 Physiography and Relief   
The northern part of Ethiopia is known for its mountainous and rough topography, the Atsbi 
Wenberta area also shows such pronounced contrasts in the topography. The Gergera watershed 
consists of small depressed area that extended from South-East to North-West bounded by 
adjacent highlands. The maximum peak reaches 2560 m above sea level in the Asagulo Ridge, 
which is found in the southern part of the study area consisted of Adigrat Sandstone unit. The 
minimum reading taken at the lowland, which is 2140 m above sea level at the central part of the 
area. Generally, the study area is more of plateau, with an average elevation of 2350m. 
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  4.1.5.4 Slope 
The nature of slope in a basin gives an idea about the rate of infiltration and erosion. The nature of 
soil and rock is also affecting factor for the rate of erosion and infiltration.  
The Gergera watershed has been classified into six slope classes: 0 -15 % (flatland), 15 -30 % 
(gentle), 30 – 45 (intermediate), 45 – 60 % (slightly steep) and 60 – 75 % (steep)  
4.2.1.5 Determination of Actual Evapotranspiration 
Actual evapotranspiration is the amount or rate of evapotranspiration occurring from a place of 
interest and it is the value that we want to estimate. The actual evapotranspiration was determined 
by summing AET waited by the area of each land uses.  
The inputs are; mean monthly rainfall which was computed from the study area from metrological 
data, the potential evapotranspiration which was calculated by using FAO Penman-Monteith 
equation (eq.9) and soil moisture. The potential evapotranspiration obtained from the FAO 
Penman- Monteith (using the Cropwat 4 windows software) which is given in the table below was 
used to determine the actual evapotranspiration. 
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 Table 14 Potential evapotranspiration 
 
Month J F M A M J J A S O N D Annu
al 
Max temp. 
(oc) 
28 28.8 29.3 29.5 30.1 30.1 26.9 26.7 27.6 27.4 26.4 26.7  
Min temp. 
(oc) 
8.2 9.2 11.9 13.4 13.2 12.8 13.5 13 11.4 10.3 9 8  
RH (%) 43 37 43 48 40 45 74 78 47 48 47 45  
U2 (m/s) 1.96 2 2.1 2.5 2.6 2 1.3 1.28 2.2 2.5 2.1 1.9  
Sunshine(
n)(hr/d) 
10.1 10.2 8.97 9.88 9.5 7.37 4.59 5.16 8 9.06 9.8 10.1  
Max 
possible 
Sunshine(
N)(hr/d) 
11.6 11.8 12 12.3 12.6 12.7 12.6 12.4 12.1 11.8 11.6 11.5  
n/N 0.87 0.84 0.75 0.8 0.75 0.58 0.4 0.4 0.66 0.77 0.8 0.88  
fa(n/N) 0.77 0.74 0.65 0.7 0.65 0.48 0.3 0.3 0.56 0.67 0.7 0.78  
Rn(MJm-
2d-1) 
21 22.9 22.7 24.8 24 20.5 16.4 17.4 21.3 21.7 20.9 20.4  
PET(mm/
month) 
14.8
4 
23.1
6 
17.5 18.1 19.23 16.5 11.2
2 
12.6
9 
30.1
9 
19.2
7 
13.8 13.3 209.8 
 
The soil moisture for different soil type and vegetation cover was determined after the average 
 value of available water capacity of root zone of all the land use except the swampy and 
settlement portion which was obtained by weighted arithmetic method (waited by areal coverage). 
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The different land use and soil type with their available water capacity of root zone is summarized 
in the table below. 
        
 
            
 
 
 Table15 Available water capacity of root zone of each land use 
                                                                            (Rechert, 2001) 
Land use Soil type AWC 
(%) 
Root 
depth(mm) 
AWCRZ 
Grazing land Sandy clay loam 11.22 250 28.05 
Grazing land Clay 19.09 250 47.6 
Grazing land Sand loam 3.57 350 8.93 
Grazing land Clayey sand 19.78 350 69.23 
Cultivated land Sand loam 20.69 350 72.42 
Cultivated land Sandy Clay loam 10.73 350 37.6 
Cultivated land Clayey sand 20.69 350 72.42 
Cultivated land Clay 29.13 350 101.96 
Forest Clayey sand 25 2000 500 
Bushes and 
Shrub 
Sand loam 10 1000 100 
Settlement On different soil 
type 
__ __ __ 
Swampy Sand loam __ __ __ 
Bare land __ __ __ __ 
 
 Where       AWC = Available water capacity 
   AWCRZ = Available water capacity of root zone 
The land use parts that are not covered are settlement and swampy area. It is difficult to quantify 
the evapotranspiration from settlement. The result of different modeled land use set-ups reveal that 
the mean annual evapotranspiration difference between the extreme-agricultural and extreme-
settlement-scenario is only 16mm, which is insignificant to affect the overall results (Rechert, 
2001).The swampy area assumed to have evapotranspiration at potential rate all over the year. The 
AET value for each land use except the swampy and settlement is given in the tables below. 
      
57 
 
 
 
 
 
Table 16 For cultivated land with AWCRZ = 300mm  
Month J F M A M J J A S O N D Annual 
P 0.6 7.0 29.2 42.1 31.1 42.4 199 217.6 27.1 5.9 3.6 4.1 609.7 
PET 14.8
4 
23.16 17.5 18.1 19.23 16.5 11.2
2 
12.69 30.1
9 
19.2
7 
13.8 13.3 209.8 
P-PET -14.24 -16.16 12 24 11.87 25.9 187.7
8 
204.91 -3.09 -13.37 -10.2 -9.2  
ACPWL -50.1 -66.26       -3.09 -16.46 -26.66 -35.86  
SM 254 241 300 300 300 300 300 300 297 284 274 266  
∆SM -9 -13 -59 0.0 0.0 0.0 0.0 0.0 -3 -13 -10 -8  
AET 9.6 20 17.5 18.1 19.23 16.5 11.22 12.69 30.1 18.9 13.6 12.1 199.54 
AETc = 0.307*106m3   
Table 17 For grazing land with AWCRZ = 150mm 
Month J F M A M J J A S O N D Annual 
P 0.6 7.0 29.2 42.1 31.1 42.4 199 217.6 27.1 5.9 3.6 4.1 609.7 
PET 14.84 23.16 17.5 18.1 19.23 16.5 11.22 12.69 30.19 19.27 13.8 13.3 209.8 
P-PET -14.24 -16.16 12 24 11.87 25.9 187.78 204.91 -3.09 -13.37 -10.2 -9.2  
ACPWL -50.1 -66.26       -3.09 -16.46 -26.66 -
35.86 
 
SM 107 97 150 150 150 150 150 150 147 135 125 119  
∆SM -12 -10 -55 0.0 0.0 0.0 0.0 0.0 -3 -12 -10 -6  
AET 12.6 17 17.5 18.1 19.23 16.5 11.22 12.69 30.1 17.9 13.6 10.1 196.54 
AETg=0.157*106m3 
Table 18 For forest with AWCRZ = 500mm 
Month J F M A M J J A S O N D Annual
P 0.6 7.0 29.2 42.1 31.1 42.4 199 217.6 27.1 5.9 3.6 4.1 609.7 
PET 14.84 23.16 17.5 18.1 19.23 16.5 11.22 12.69 30.19 19.27 13.8 13.3 209.8 
P-PET -14.24 -16.16 12 24 11.87 25.9 187.78 204.91 -3.09 -13.37 -10.2 -9.2  
ACPWL -50.1 -66.26       -3.09 -16.46 - -  
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26.66 35.86
SM 491 490 500 500 500 500 500 500 497 496 495 495  
∆SM -4 -1 10 0.0 0.0 0.0 0.0 0.0 -3 -1 -1 0.0  
AET 4.6 8 17.5 18.1 19.23 16.5 11.22 12.69 30.1 6.9 4.6 4.1 153.54 
AETf =0.0032*106m3 
 
Table 19 For bushes and shrubs with AWCRZ = 100mm 
Month J F M A M J J A S O N D Annua
l 
P 0.6 7.0 29.2 42.1 31.1 42.4 199 217.6 27.1 5.9 3.6 4.1 609.7 
PET 14.8
4 
23.1
6 
17.
5 
18.
1 
19.2
3 
16.
5 
11.2
2 
12.6
9 
30.1
9 
19.2
7 
13.
8 
13.
3 
209.
8 
P-PET -14.24 -16.16 12 24 11.87 25.9 187.7
8 
204.9
1 
-3.09 -13.37 -10.2 -9.2  
ACPW
L 
-50.1 -66.26       -3.09 -16.46 -
26.6
6 
-
35.8
6 
 
SM 61 52 100 100 100 100 100 100 97 85 76 70  
∆SM -9 -9 48 0.0 0.0 0.0 0.0 0.0 -3 -12 -9 -6  
AET 9.6 16 17.5 18.1 19.23 16.5 11.22 12.69 30.1 17.9 12.6 10.1 191.5
4 
AETbs = 0.252*106m3   
 
The total AET was given by summing all AET value of each land use and was found to be:-AET = 
0.7192*106m3  
Where, P=Precipitation 
             PET=potential evapotranspiration 
            ACPWL=accumulated potential water loss 
            SM=Soil moisture 
            ∆SM=Change in soil moisture and 
           AET=Actual evapotranspiration 
More over, by using eq.—9 the overall actual evapotranspiration including swampy area was 
found to be 89.16mm per year. 
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4.2.1.6 Runoff 
Since there were no level observation and flow measurements conducted in the basin due to luck 
of hydrometric station in any one of the rivers basin, moreover, the rivers are intermittent, it was 
impossible to analyze the runoff of the area by computer models or scale models. There fore, in 
this study, the volume of runoff was determined by curve number method. The mean monthly 
runoff of the area was calculated using equation, 15 and the mean annual runoff of the basin is 
1.86 million cubic meters 
                          
 
4.2.1.7 Infiltration 
In the Gergera watershed six places having different land use and soil type were selected to 
measure and to show the rate of infiltration of each land use. The infiltration rate of each land use 
was tabulated. 
                                    Table 21 Codes and sites of Infiltration measurement 
Code Land use Soil type Slope range
YS1 Cultivated Clayey Sand 0-10 
YS2 Grazing Clay 0-10 
YS3 Settlement Sand 10-20 
YS4 Forest Sandy clay 0-10 
YS5 Cultivated Sandy clay 0-10 
YS6 Grazing Sandy clay 0-10 
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  Figure 18 Infiltration measurement in Gergera watershed 
Different types of land use and soil allow water to infiltrate at different rates. Each soil types has a 
different infiltration capacity measured in cm/min. Exposed soils can be rendered almost 
impermeable by the compacting impact of large drops coupled with the tendency to wash very fine 
particles in to the voids. The surface tends to become puddle and the infiltration capacity drops. 
The highest infiltration rate was observed on the cultivated land with sand dominant soil type and 
the lowest is recorded on the grazing land with clay dominant soil and The annual amount of water 
that recharges to the ground water through infiltrates was found to be = 0.7308 Mmc 
The annual infiltration that occurs in the area can be obtained using water balance concept. The 
water balance of a place, an agricultural field, basin or continent, can be determined by calculating 
the input, output, and storage changes.  
Various assumptions have been made to derive the water balance equation for the upper cathment 
area and these are summarized below. 
                     1. Net changes of soil moisture and groundwater storage are assumed to be zero. 
                     2. Subsurface water exchange with neighboring basins is assumed to be zero; and  
                     3.Assuming no artificial diversion from other basins. 
SRWAETGIGAP oir ∆±++++=++  
Where:- 
 P = Precipitation   I = Infiltration  
 Ar = Artificial recharge   R = Surface runoff 
 Gi = Groundwater inflow         AET = Actual evapotranspiration 
      Go = Ground water out flow   
      W = Withdrawal  
      ∆S = Change in storage  
     
By rearranging this equation, the amount of water that infiltrate into the ground (I) can be obtained 
as, 
)( RWAETPI ++−=  
                 P= 4.89*106m3. 
             AET= 0.7192*106 m3 
                 R=1.86*106m3 
              W = 1.58*106m3 
             Then, I found to be 0.7308*106 m3 
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This result shows 0.7308*106 m3 the amount of water that can be use without affecting the ground 
water resource. 
4.2.1.7.1 Summary of the water balance 
The inflow and outflow elements of the water balance were calculated and the results were given 
under the corresponding sections above. The table given below presents a brief idea of the water 
balance. 
  
 
                                     Table 22 Summery of water balance 
 
In flow element Out flow element 
P Ar Gi I R AET W Go ∆S 
4.89*106m3 0 0 0.7308*106m3 1.86*106m3 0.7192*106 m3 1.58*106m3 0 0 
 
4.3 Hydraulic characteristics of unconsolidated sediment Aquifers  
4.3.1 Aquifer Types 
The unconsolidated sediments of the study area which behaves as aquifer has been grouped, on the 
basis of the type of permeability which they exhibit and the extent of the aquifer as; localized 
aquifer with intergranular permeability (alluvial sediments: sand, gravel, gravely sand, sandy 
gravel, sandy clay and gravelly clay). 
 
 
 
      
62 
 
 
             Figure 19 Aquifer Types in the Gergera watershed  
4.3.2   Hydrogeological Characteristics 
In this section the Hydro geological characteristics of the unconsolidated sediments of the 
watershed have been described with a particular reference to their water storage and transmission 
capacities. 
4.3.2.1 Unconsolidated Alluvial Sediments 
The alluvial deposits of the study area consist of six major aquifer units. These are: sand, gravel, 
sandy gravel, gravely sand, sandy clay and gravelly clay. These units were distributed variably in 
the area; generally sand is the dominant which is outcropping in the southern part of the area and 
along the margins of the Gergera River which tends to sandy clay towards northern part. The 
gravel unit has a small aerial extent which is localized in northern part and at the peripheral sides 
of the basin and river. 
These water bearing formations are the most common shallow groundwater aquifers which can be 
tapped by larger diameter hand dug wells. Permeability and productivity vary from place to place 
grain size distribution, sorting and thickness of the alluvial sediments. Accordingly, these 
sediments as a whole may be taken to have a moderate permeability and productivity. 
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4.3.2.1.1 Sand 
The sand unit, which is the weathered part of the sandstone unit in which it comes from high 
topographic area by surface runoff, lies in the southern and south western parts of the Gergera 
watershed. Generally, it is coarse grained with well sorted sediments. The coarse grained sands are 
aquifers with higher potential of water than the other sand units. In this type of aquifer there is 
more chance of infiltration than runoff. 
 
 
 
4.3.2.1.2 Gravel 
The gravel unit are mostly derived from the hill side or top of the basement rocks by the process of 
weathering and transported to the Gergera basin by surface runoff. This unit of the unconsolidated 
sediments is most dominantly lying on the northern and near the margins of the river basin. This 
type of aquifer is characterized by a good productivity and permeability nature. 
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4.3.2.1.3 Sandy Gravel 
The sand dominated gravel, which mostly found at the northern, northeastern and central part of 
the watershed, covers a very large area of the total alluvial deposits. In this unit the water 
storativity is generally better than transmissivity. This lower transmissivity is, however, good for 
better water quality by infiltrating the surface water.  
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4.3.2.1.4 Gravelly Sand 
Gravelly sand unit is mostly situated at the peripheral sides of the gravel unit in the Gergera 
watershed. Unlike to the sandy gravel, this unit has better transmissivity than storativity and its 
quality of water is relatively poor. Because, this unit has higher porosity than sandy gravel. So that 
it can transmit water easily rather than storing within it. 
 
 
4.3.2.1.5 Sandy Clay  
This type of aquifer character is mostly situated in northern and central part of the watershed. This 
unit reduces the potential of water due to the insertion of clay sediments in the interstices of sand. 
Since this type of aquifer is situated at the top part of the geological log, it has low quality and 
quantity of water productivity. 
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4.3.2.1.6 Gravelly clay 
The gravel dominated unit of aquifer is characterized by less extensive in aerial coverage and very 
thin geological layer. The clay fills the voids of gravel which takes part of the water body. This, 
however, reduces the amount of water in the aquifer.  
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4.4 Groundwater Development 
The investigated area is currently supplied largely with groundwater from developed hand dug 
wells and springs. Groundwater is exploited in the basin in two ways: 
● the shallow, mostly unconfined and confined, aquifers in the alluvial covers are exploited 
through hand dug wells. They supply the daily domestic and irrigation water in the area. 
● the shallow, mostly unconfined, aquifers at the contact between the alluvium and the underlying 
rocks are exploited through springs. These also supply the daily domestic and irrigation 
water in the area. 
An inventory of the hand dug wells that was carried out in the studied area is given in (Appendix 
III) and the hydrogeological map is also shown in (Fig.20). 
4.4.1 Hand Dug Wells  
In the Gergera watershed significant amount of groundwater is extracted using dug wells. These 
dug wells are about 2.78 to 4.31 m in diameter and have a depth ranging 2.25 -7. 9 m. Some of the 
wells have masonry lining and others have dry brick or stone lining. 
The yield of the dug wells varies from 0.05 to 0.47 l/s. The discharge of a dug well is smaller, 
because (i) dug wells can tap only the top most or at the most the next lower water bearing stratum, 
and (ii) water from dug wells can be withdrawn only at velocity equal to or smaller than the critical 
velocity for the soil, so as to avoid the danger of well siltation. In general, the yield characteristics 
of dug wells depend upon several factors, namely: 
(a)  Landform - whether located in pediment, buried pediment or valley fill areas. 
(b)  Regolith - its thickness and permeability. 
(c)  Fracture characteristics of bedrock. 
(d)  Local groundwater regime: whether the well is located in groundwater recharge or discharge 
area. 
(e)  Depth of water table and its fluctuation.  
The depth of static water level varies from 1.85 to 2.55 m. The wells are rich in water during the 
rainy season and the water table become shallow while during dry season the majority of them will 
dry up. 
Geometrically, all of the shallow wells are circular in shape with variable top and bottom 
diameters. They are generally conical like structure. 
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      Fig. 20 Hydrogeological map of the Gergera watershed 
4.4.2 Springs 
During the field survey three major springs are observed. Among these one is contact and 
compound springs, which are not developed yet, the rest two springs are artesian springs (springs 
along the fractures of the formations), from these one is from Adigrat sandstone unit while the 
other one is from the basement rock. 
The observed springs are generally maximized their yield and numbers during the rain season, but 
during the dry season their yield decreased. The Artesian spring from the Adigrat sandstone has a 
discharge of 0.143 L/s at the dry season (data taken in May) while the other two springs are not 
well developed and difficult to take measurements using volumetric flask. The springs are 
functionally helpful for domestic purpose. Generally, the springs are perennial but decrease their 
yields drastically from wet to dry season. They are an important source of water supply for 
domestic and irrigation. 
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Figure 21 Area of contact and compound springs, 
4.5 Recharge and Discharge 
4.5.1 Recharge 
Groundwater at the Gergera watershed is mainly recharged from rainfall and runoff that comes 
from the surrounding highlands and ridges that bound the basin. The high potential aquifers of 
alluvial deposits that lies in the southern and south-eastern, gently low laying areas of the 
watershed, get recharge from the intermittent streams that drain from the high lands. 
The swampy area (east ward side of the Gergera basin) has also some contribution to the 
groundwater recharge the downward side area to it. Rainfall directly in the soil at the surface 
(infiltration) replenishes the soil moisture deficiency and excess water moves down ward 
(percolation) and recharges the groundwater. Generally, the recharge areas of the watershed are the 
surrounding highlands and the small swampy area which is found inside the area.    
4.5.2 Discharge 
Groundwater is discharged by stream flow, shallow wells, evaporation, and evapotranspiration. 
Springs and swamps are the most important source of discharge on the high relief areas, but, 
recharged again to the adjacent low land area. Evaporation can be considered as one of the 
discharge mechanism of sub surface water in near land surface aquifers and unprotected shallow 
wells as well as swamps. 
The vegetation cover on the Gergera watershed is very little, this, results the least significant 
evapotranspiration. Shallow well discharge was the most significant discharge mechanism at the 
Gergera watershade.      
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4.6 Hydraulic characteristics of Aquifers and Aquifers potentiality, 
Aquifer Productivity 
Among the 48 productive hand dug wells, a continuous pumping test was conducted at six (6) 
representative dug wells in which each wells took different duration of time. The delivery rate of 
the pump for each well was adjusted constant at 1L/s. the pumping test at the watershed were 
conducted during the dry season ( in May ) and all the wells are out cropped on the alluvial deposit 
of the Gergera watershed. According, the pumping test (i.e. the drawdown) duration is relatively 
faster than the recovery rate. The results of the analysis of these tests are summarized and given in 
the table below:  
 
  
 
         Figure 22 Drawdown measurements in Gergera watershed 
                     Table 23 Standards of transmissivity (m2/day) Sen, Zekai,1995 
 
Transmissivity (m2/day) 
Potential 
> 500 High 
500-50 Moderate 
50-5 Low 
5-0.5 weak 
< 0.5 Negligible 
 
      
71 
 
           Table 24 Results of the continuous pumping test of the 6 hand dug wells 
Well  
ID 
Discharge
  (L/s) 
Static 
water 
level 
(m) 
Draw 
down 
   (m) 
Draw dawn Recovery 
 
T(m²/min) K(m/min) T(m²/min)  K(m/min)
19 1 3.05 1.50 7.02*10-³   7.39*10-³ 1.87*10-³   1.97*10-³ 
48 1 2.41 1.74 4.25*10-³   2.57*10-³ 9.03*10-³   5.47*10-³ 
37 1 4.10 1.10 1.63*10-²   5.44*10-³ 1..55*10-²  1.19*10-² 
39 1 2.48 1.32 6..25*10-³   8.12*10-3 9.04*10-³   6.95*10-³ 
44 1 2.50 0.86 1.70*10-²   6.09*10-³ 1.44*10-³   5.16*10-4 
25 1 3.80 0.96 1.21*10-²   3.80*10-³  2.18*10-³   6.83*10-4 
 
Where: S.W.L = Static Water Level 
   DDW = Drawdown 
          T = Transmissivity 
                     K = Hydraulic Conductivity 
Well number 19 is located at an elevation of 2170m above sea level; water is tapped from partially 
penetrated confined aquifer sand unit. After 167minutes continuous pumping of 1L/s constant 
discharge a volume of 10.02m3 was delivered out. Unlike to the maximum drawdown duration the 
full recovery rate has taken a maximum time of 817minnutes. Based on the Cooper-Jacob draw 
down versus time method (fig.24) the computed transmissivity (T) and hydraulic conductivity (k) 
are 7.02*10-3   m2/min and 7.39*10-3 m/min respectively. T Appendix VI he value of these two 
parameters has also been determined by Theis-Jacob recovery method (AppendixVI). Accordingly, 
the transmissivity (T) and hydraulic conductivity (k) of the unconfined aquifer is 1.87*10-3 m2/min 
and 1.97*10-3   m/min respectively. 
Well number 48 is located at an elevation of 2157m above sea level. Water is tapped from partially 
penetrated confined gravel unit. After 160 minutes pumping continuously 9.60 m³ volume of water 
was totally discharged. The computed transmissivity, T and hydraulic conductivity, K by the 
analysis of Cooper-Jacob time-drawdown method (Appendix VI) are 4.25*10-³ m²/min and 
2.57*10-³ m/min respectively. The value these two parameters have also been determined by the 
Theis-Jacob recovery method (Appendix VI). Accordingly, the transmissivity, T and hydraulic 
conductivity, K of the aquifer is 9.03*10-³ m²/min and 5.47*10-³ m/min respectively.   
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Well number 37 is located at the elevation of 2174 meters above sea level. The well tapped water 
from a confined gravelly sand unit. Here a continuous pumping test was conducted for about 275 
minutes in pumping out a total volume about 16.5 m³ of water. Using aquifer test program, 
Cooper-Jacob time-drawdown method and Theis-Jacob recovery method were applied. According 
to the Cooper-Jacob time-drawdown method (Appendix VI) a transmissivity, T of 1.63*10-² 
m²/min and a hydraulic conductivity, K of 5.44*10-³ m/min values have been resulted. The 
residual drawdown of the recovery analysis (Theis-Jacob recovery method) as shown in the 
(fig.26) gives a value of 1.55*10-2 m²/min for transmissivity and 1.19*10-2 m/min for hydraulic 
conductivity, K.  
Well number 39 is situated on the alluvial deposit of the water shed at an elevation of 2167m 
above sea level. The aquifer layer of the well is sand intercalated with scattered gravel, which is 
partially penetrated and confined in type. The nature of the aquifer is characterized by 
intergranular (i.e. between grains of sands, gravels or sand with gravel). In this well a continuous 
pumping test was conducted for a constant discharge of 1L/s for about 172min and a total volume 
of 10.32m3 water was discharged from the dug well. It was followed by a recovery measurement 
where by 100% recovery was achieved at duration of 590min. Out of different methods of aquifer-
test program; Cooper-Jacob time draw dawn method and Theis-Jacob recovery method were 
applied. According to the Cooper-Jacob time draw dawn method, a transmissivity (T) of 6.25*10-3 
m2 /min and a hydraulic conductivity (k) of 8.12*10-3 m/min values have been resulted. The 
residual drawdown of the recovery analysis (Theis-Jacob recovery method) as shown in the 
(Appendix VI) gives a transmissivity (T) and hydraulic conductivity (k) of 9.04*10-3 m2/min and 
6.95*10-3 m/min respectively. 
Well number 44 is located at an elevation of 2155m above sea level. The groundwater yield of the 
well was tapped from a partially penetrated aquifer layer of unconfined unit. A total volume of 
10.20m3 water was pumped out by pumping continuously for 170minutes and a total drawdown of 
0.86m. According to the Cooper-Jacob drawdown versus time method, the computed hydraulic 
characteristic parameters have a value of 1.70*10-2m2/min transmissivity (T) and 6.09*10-3m/min 
hydraulic conductivity (k). The residual drawdown of the recovery analysis (Theis-Jacob recovery 
method), gives a value of 1.44*10-3m2/min and 5.16*10-4m/min for each transmissivity (T) and 
hydraulic conductivity (k) respectively. 
Well number 25 is located at an elevation of 2157m above sea level. After 112minutes continuous 
pumping a volume of 6.72m3 of water discharged out and maximum drawdown of 0.96m was 
measured. The computed Transmissivity and hydraulic conductivity values by the Cooper-Jacob 
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method (fig.31) are 1.21*10-2m2/min and 3.80*10-3m/min respectively. The values of these two 
parameters have been determined by Theis-Jacob recovery method, based on this Transmissivity 
and hydraulic conductivity of the aquifer is 2.18*10-3m2/min and 6.83*10-4m/min respectively. 
 
4.7 Water quality Evaluation         
4.7.1physical Analysis  
                       Table 25, Major, Minor and Trace Inorganic constituents  
 
 
Sample 
ID 
Major constituent Minor constituent Trace 
constituent 
Na 
(mg/l) 
Mg 
(mg/l) 
Ca 
(mg/l)
Bicarbonate Fe 
(mg/l)
K 
 
Carbonat
e 
Ni Mn Zn
HDW2 11 10 3 340.85 0 27 0.368 12 0 0 
HDW5 2 10 2 255.57 0 26 0.309 12 0 0 
HDW6 3 12 16 396.06 0 24 0.214 11 0 0 
HDW9 1 12 7 389.11 0 24 0.635 11 0 0 
HDW12 3 10 2 322.49 0 27 0.399 12 0 0 
HDW19 
 
12 11 2 261.83 0 27 0.230 12 0 0 
HDW25 48 14 4 456.85 0 27 0.318 12 0 0 
HDW26 11 15 14 400.63 0 24 0.967 11 0 0 
HDW37 
 
3 8 5 200.40 0 25 0.422 11 0 0 
HDW39 12 10 6 231.10 0 27 0.344 12 0 0 
HDW41 2 8 3 175.10 0 27 0.883 12 0 0 
HDW44 2 7 3 188.54 0 26 0.274 12 0 0 
HDW48 20 14 4 347.19 0 27 0.253 12 0 0 
SP1 9 8 6 163.51 0 27 0.579 12 0 0 
SP2 2 8 2 187.94 0 25 0.571 12 0 0 
SP3 11 12 5 279.77 0 28 0.407 12 0 0 
SWP 3 12 2 365.52 0 24 0.238 11 0 0 
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 Table 26, EC, PH, TDS, Alkalinity, Hardness and SAR value of water samples  
 
Sample 
ID 
EC 
(µs/cm) 
PH TDS(mg
/l) 
Alkalinity 
(mg of 
CaCo3/l) 
Hardness 
(mg /l as 
CaCO3) 
SAR 
meq/l 
HDW2 689 7.34 404.2 280 49.17 4.31 
HDW5 619 7.39 307.9 210 46.67 0.82 
HDW6 726 7.04 462.3 325 90 0.80 
HDW9 759 7.52 444.7 320 67.5 0.32 
HDW12 649 7.40 376.9 265 46.67 1.22 
HDW19 637 7.25 326.1 215 50.83 4.71 
HDW25 1028 7.15 562.2 375 68.33 16 
HDW26 819 7.69 476.6 330 97.5 2.89 
HDW37 454 7.63 252.9 165 45.83 1.18 
HDW39 560 7.48 298.4 190 56.67 4.24 
HDW41 428 8.01 228 145 40.83 0.52 
HDW44 410 7.47 238.8 155 36.67 0.89 
HDW48 796 7.47 424.4 285 68.33 6.67 
SP1 442 7.86 225.1 135 48.33 3.4 
SP2 377 7.79 236.9 155 38.33 3.89 
SP3 721 7.47 348.2 230 62.5 3.77 
SWP 739 7.12 417.8 300 55 1.13 
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Figure 23 Water Sample for Laboratory analysis 
 
    4.7.1.1 Color 
In the Gergera watershed, all the water samples that are collected from different springs and hand 
dug wells, the sample taken from the hand dug wells are colorless and the sample taken from the 
swamp has green color. 
The presence of metals, human and livestock sewage, and degrading plat material affects the color 
of the water and it changed to dark color. This color changes indicate that the water is 
contaminated. The color of the water sample is compared to a platinum-cobalt solution and should 
be lighter than the comparison water to meet Municipal Drinking standards.  
4.7.1.2 Taste and Odor 
All the water sample taken from the Gergera watershed has no taste and odor, except the one taken 
from swampy and spring number 3, they have rotten egg odor. 
Tastes and odors are generally considered as one and the same problem, except for taste caused by 
mineral salt. Water with chloride content will have a salty taste but may be odorless. Quality water 
should contain no trace of objectionable taste or odor. There are variety of tastes and odors are 
exist in a water, the most common are chlorine odor, musty or moldy taste or odor, oil or gas  odor, 
and rotten egg odor. Each characteristic indicates certain distinct problems and treatments.  
4.7.1.3 Turbidity 
 Unlike surface waters, groundwater has no turbidity because any suspended matter is filtered out 
as the water moves through the aquifer. But in the study area, since most of the hand dug wells are 
open, water samples collected from those wells have some suspended solid particles which has 
changed the color of the water. In addition, the sediments that fall in to the water from the wall of 
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the wells contribute a lot for the turbidity of the water. Most of the water samples have very little 
turbidity while, the rest have slight turbidity values. 
4.7.2 Chemical Analysis 
The chemical analyses for the water samples includes Hardens,TDS,EC,PH,Major anions, 
Bicarbonates, Carbonate and alkalinity for 17 different water samples collected from springs, 
swamp and hand dug wells, described detail below. 
   4.7.2.1 TDS (Total Dissolved Solid) 
Any minerals, salt, metals, cations or anions in the water are referred as “Dissolved Solid”. Water 
with high dissolved solid generally has poor quality and may induce as unfavorable physiological 
reaction in the consumer. TDS is the total amount of solid in milligram per litter that remains when 
a water sample is evaporated to dryness; generally it’s the sum of concentration of cations and 
anions in water. TDS and EC are interdependent one on another and mathematically it’s given as: 
1 mg/L =1.56µS/CM  
Water is classified in to four different classes based on TDS values. These different classes are 
listed below. 
 
                         Table 27, TDS classes of water (WHO 1984) 
                                                      
4.7.2.2 Hardness 
The hardness of water sample taken varies from 36.67 to 97.5 mg/l for HDWs, 38.33 to 62.5 mg/l, 
for springs, 55 mg/l, for swamp. Generally, the hardness value of the water in the watershed ranges 
from 36.67 to 97.5mg/l.from the analysis 88%of the samples are soft water,12% are moderately 
hard water. 
Hardness of water is defined as its content of metallic ions which react with sodium soaps to 
produce solid soaps or scummy residue and which react with negative ions, when the water is 
evaporated in boilers to produces solid boiler scale (Camp, 1963; as in Dr. Nata, 2006).It is a water 
Class TDS (Mg/L) 
Fresh Water 0-1000 
Brackish Water 1000-10,000 
Saline Water 10,000-100,000 
Brine Water More than 100,000 
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quality indication of the concentration of alkaline salts in water, mainly calculated Mg. Hardness is 
normally expressed as the total concentration of Ca2+ and Mg2+ mg/l equivalent CaCo3. 
 
Total hardness = Ca*CaCO3 + Mg * CaCO3 
  Ca                Mg 
   = 2.5(Ca2+) + 4.1 (Mg2+) 
                         
                          Table 28 Degree of hardness of water  
   
  
Hardness (mg / l as CaCO3)         water class 
0-75       soft 
75-150  moderately 
150-300  hard 
> 300   Very hard. 
      
      
4.7.2.3 PH 
The PH of hand dug well samples ranges from 7.04 to 8.01, for springs it ranges from 7.47 to7.86 
and for swamp water is 7.12. Generally the results are with in the permissible limit of the drinking 
water quality occurring to the Ethiopian standard (1994) which is 7- 8.5.The concentration of 
positive hydrogen ion (H+) and negative hydroxide ions (OH-) in water at 250c determines the 
acidity and alkalinity of water. PH of 7 is termed as neutral, the PH values above and below 7 are 
alkalic and acidic water respectively. In pure water the PH value is exactly 7.  
4.7.2.4 EC (Electrical Conductivity) 
The EC measured in the lab for water sample taken from filed varies from 410 to1028 µs/cm for 
hand dug wells, from 377 to 721µs/cm for springs and 739 µs/cm for swamp. 
The ability of the water to conduct an electric current is referred as electrical conductance or 
specific conductance. EC is usually measured using a 1 cm cell and expressed in units of electrical 
conductance (µs/cm at 25 0c). The EC of water is directly proportional to the amount of dissolved 
substance in the water, which means the higher the concentration interms of TDS, the higher 
electrical conductance.  
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4.7.2.5 Dissolved Inorganic constituents 
The dissolved inorganic constituent that are found in ground water are classified in to major 
constituents (>5mg⁄l), minor constituents (0.01-10.0 mg⁄l) and trace constitutes (0.1mg⁄l). The 
concentrations of these inorganic constituents in the ground water are controlled by the availability 
of the elements in the soil and rock through which the water has passed. 
The major constituent cations found in the ground water are Ca, Mg and Na. The concentration of 
Ca ranges between 2 to 16 mg/l for handdug well, 2 to 6 mg/l for springs and 2 mg/l for 
swamp.Mg content for sample collected from hand dug well is ranges from 7 to 15mg/l, 8 to 
12mg/l for springs and 12mg/l for swamp. A Na content is varies from 1 to 48 mg/l for hand dug 
wells, 2 to11 mg/l for springs and 3 mg/l for swamp. Bicarbonate is major constituents anion found 
in the ground water, its concentration is varies 175.1 to 456.85 mg/l for hand dug wells, 163.55 to 
279.77 mg/l for springs and 365.52 mg/l for swamp. 
Some of the minor constituents are carbonate, K and Fe. The concentration of carbonate is varies 
from 0.214 to 0.967 mg/l for HDW 0.407 to 0.579 mg/l  for springs, and 0.238 mg/l for swamps, 
that of K varies from 24 to27 mg/l for HDW, 25 to 28 mg/l for springs and 24 mg/l for swamp. Fe 
is not found in the water.trace constituents are Ni, Mn, and Zn. Ni concentration varies from 11 to 
12 mg/l for HDW, 12 mg/l for springs and 11 mg/l for swamp. Mn and Zn are not found in all 
samples. 
4.7.2.6 Alkalinity 
Alkalinity is total measure of the substances in water that have “acid-neutralizing” ability. It is 
expressed as mg of CaCo3/L even though actually part of the alkalinity may be contributed by 
MgCo3, Na2Co3 or K2Co3. Alkalinity is often related to hardness because the main source of 
alkalinity is usually from carbonate rocks (lime stone) which are mostly CaCo3; hardness in CaCo3 
is equal to alkalinity. Hard water has high alkalinity while soft water has low alkalinity content. 
The main sources of natural alkalinity are rocks which contain carbonate. Bicarbonate and 
hydroxide compound, Borates, silicates and phosphates may also contribute to alkalinity. The 
measured alkalinity content from the samples varies from 145 to 375 for HDWs, 135 to 230 for 
springs and 300 for swamps. 
4.7.2.7 Balance Error 
Cations and anions in water combine in definite weight ratios. By expressing ion concentration in 
equivalent weights, the ratios are determined because one equivalent weight of a cation will 
combine exactly with one equivalent weight of an anion. So the sum of cations and sum of anions, 
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when expressed in mill equivalent per litter will be equal. If a chemical analysis show imbalance, it 
shows that there are undetermined constituents, which may be due to analysis mistakes. Error in 
the balance of ions which is less than 5% is acceptable. In most of the samples analyzed the 
balance error is below 5%, except three samples shows a balance error more than 5%  
4.7.2.8 Water Type 
There are four water types identified out of the samples analyzed in the water shade. The most 
common water type in the area is magnesium bicarbonate type; merely 53% of the samples 
analyzed have this type of water (Table 28). The next most common water types are the 
magnesium-potassium-bicarbonate, observed in four samples and potassium-magnesium-
bicarbonate type, observed in three samples. The remaining water type obtained sodium 
bicarbonate in one sample.Which can be seen that most of the samples collected fall in the Mg- 
HCO3.  
                                     
 
 
 
 
 
                                     Table 29 Water type and Balance error  
 
Sample Id. Water type Balance error
HDW2 Mg-HCO3 1.92 
HDW5 Mg-K-HCO3 2.05 
HDW6 Mg-HCO3 0.97 
HDW9 Mg-HCO3 -1.46 
HDW12 Mg-HCO3 3.38 
HDW19 Mg-HCO3 5.49 
HDW25 Na-HCO3 4.01 
HDW26 Mg-HCO3 3.07 
HDW37 Mg-K-HCO3 4.39 
HDW39 Mg-K-HCO3 -1.56 
HDW41 K-Mg-HCO3 2.79 
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HDW44 K-Mg-HCO3 0.53 
HDW48 Mg-HCO3 3.57 
SP1 K-Mg-HCO3 0.83 
SP2 Mg-K-HCO3 5.4 
SP3 Mg-HCO3 1.23 
SWP Mg-HCO3 6.56 
4.7.3 Water use classification 
4.7.3.1 Domestic use 
 The drinking water standards as prescribed by World Health Organization, WHO (1984) is given 
in the table bellow and the importance of some of the constituents in the water quality standards 
for drinking purposes is discussed below. 
                 Table 30 Modified after WHO1984, Maximum permissible limit of water constituents 
.  
Parameter Upper Limits (WHO 1984) 
TDS 1000 
Ph 6.5-8.5 
Total Hardness CaCO3 500 
Ca 75-200 
Mg - 
Na 200 
Cl 250 
SO4 400 
NO3 45 
Fe 0.3 
F 1.5 
Pb 0.05 
Hg 0.001 
Zn 5.0 
Cu 1.0 
Cd 0.005 
As 0.05* 
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It is unquestionable that water is “life”. More over, Ground water is an important source of water 
for domestic purposes, including drinking, preparing food, bathing, and cleaning. Generally 
ground water is safer for use than surface water. This is because surface water is much more 
vulnerable to contamination than groundwater and filtration through geologic materials facilitates 
the purification of ground water. However, it is important to know the chemical constituents of 
ground water, because over concentration of some chemical constituents become toxic. The 
standards for drinking water vary from country to country depending upon the economic 
conditions and climate. Quality criteria for drinking water are based on a water intake of two liters 
per person per day (Singhal and Gopta, 1999).  
4.7.3.1.1 Total Dissolved Solids (TDS) 
The TDS values of portable water suggested by WHO has the following classification values. The 
TDS values of 35% of the samples analyzed in the area is below 300mg/l have excellent value 
.The remaining samples has a TDS value which ranges between 300 – 600mg/l have good TDS 
value.  
4.7.3.1.2 Hardness 
All samples analyzed have hardness values less than 100 shows in (table, 26). The maximum limit 
of water hardness for domestic use as set by WHO are 500 and the ground water in the area fits 
with this standards. 
4.7.3.1.3 PH 
According toWHO drinking water must have a pH value between 6.5 and 8.5 to meet satisfactory 
standards. All the samples analyzed have pH values in the range between7.04–8.01 and the 
average pH value is 7.45 (table 26). Accordingly, the results obtained shows that, the groundwater 
in the area satisfies the WHO standard for domestic purposes. 
4. 7.3.1.4 Sodium (Na) and Calcium (Ca)   
The analyses made on the samples collected show that all of the samples have Na+ concentrations 
<50mg/l and Ca concentration<16mg/l (table 25). The WHO maximum limit for Na and Ca 
concentration is 200mg/l, and 75-200, this show the Na and Ca content of the ground water in the 
area fits the WHO standard.    
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4.7.3.2 Irrigation use   
Irrigation is the major agricultural practice in the water shade. Most of the farmers intensively use 
water from hand dug wells which they call as “Ela” to grow vegetables and fruits which is the 
backbone of the economy in the study area. Water quality for agricultural purposes is determined 
on the basis of the effects of the water on the quality and yield of the crops, as well as the effects 
on drainage efficiency and characteristic changes in the soil (Richards, 1995, Wilcox, 1955). The 
quality standards for irrigation water are based on; 
1. Total dissolved solids which may affect the intake of water and other nutrients by plants 
through osmosis  
2. The relative concentration alkali and alkaline earths substance which affect the soil texture 
due to cat ion exchange and there by its permeability and drainage characteristics and ; 
3. The concentration of specific ions which are toxic to plants beyond certain limits. 
The soil problems most commonly encountered and used as basis to evaluate water quality are 
those related to salinity, water infiltration rate, toxicity and other problems. The FAO (1989) 
guidelines to evaluate the potential of irrigation water to create soil or crop problems, is used as a 
reference basis for evaluation of the suitability of the groundwater in the water shade for irrigation. 
A salinity problem in irrigation causes loss in crop yield. According to Garg (1987) salinity values 
>700ppm are harmful to some plants and more than 2000ppm are injurious to all crops (as cited by 
Dr.Nata,2006).Salt concentration is generally measured by determining the electrical conductivity 
of water. The water in the soil solution that is used by plants decreases dramatically as EC 
increases, which is related to salinity values of the water. Irrigation water based on the electrical 
conductivity values is classified as follows.  
                Table 31, EC class of water for irrigation - Bauder, 2003    
Class of water                                      EC (ds/m at 250c) 250c 
Class 1     Excellent <0.25 
Class 2      Good 0.25-0.75 
Class 3      Permissible 0.76-2.00 
Class 4     Doubtful 2.01-3.00 
Class 5      Unsuitable >3.00 
                      
The minimum EC value of the samples analyzed is 410µs/cm and a maximum value of 1028µs/cm 
was recorded at HDW-25.  76% of the samples have EC values of class-2, which is good class of 
water for irrigation. 
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Sodium concentration is important factors in classifying irrigation water because sodium reacts 
with soil to reduce its permeability. The relative proportion of sodium in relation to calcium and 
magnesium is the cause for soil permeability problems. SAR (sodium absorption ratio) describes 
the amount of excess sodium in relationship to calcium and magnesium. Mathematically it is given 
as: 
                                        
2
22 ++
+
+
=
MgCa
NaSAR  
Concentration of sodium, calcium and magnesium ions is expressed in milli equivalents per liter. 
The total amount of dissolved solids TDS should be used together with SAR. Water with TDS 
levels below 700mg/l and SAR below 4 are considered safe for irrigation. All the samples have 
TDS values for bellow the suggested limit and all SAR value of the samples analyzed ranges 
between 0.32 to 4.71,except two samples from HDW-48 and HDW-25 has a higher value of 6.67 
and 16, respectively. According to the results, compared to the FAO 1989 standard, the water in 
the water shade is suitable for irrigation practices. 
                         Table 32 Guidelines for interpretations of water quality for irrigation, FAO, 1989 
  
Potential Irrigation Problem Degree of restriction on use 
None Slight to 
moderate 
Severe 
Salinity 
ECw at 25˚c (ds/m)                          < 0.7          0.7 – 3.0        >3.0 
      
TDS(mg/L)                                        < 450       450 – 2000    >2000 
Infiltration(Sodicity) 
SAR = 0 – 3                                         > 0.7        0.2 – 0.2        < 0.2  
         = 3 – 6                                        > 1.2        1.2 – 3           < 0.3 
         = 6 – 12                                      > 1.9        1.9 – 0.5        < 0.5 
         = 12 – 20                                    > 2.9         2.9 – 1.3        < 1.3 
         = 20 – 40                                    > 5.0         5.0 – 2.9        < 2.9 
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4.7.3.3 Livestock use 
In the study area, farmers use the ground water for their animals. The same water quality standards 
can be used for livestock purposes, and animals have greater tolerate higher concentration values 
to most constituents of water. Generally, the maximum recommended limit of TDS, fluoride, and 
Nitrate for cattle and other animals is 7000, 2, and 45 mg/l respectively. The maximum TDS value 
in the samples is 562.2mg/l. This values show that the water quality of the area is safe for 
livestock. 
4.8 Soil quality Evaluation         
Table 33 suitability of soil for irrigation  
SN Lab 
code 
Soil sample 
code 
PH (1:2.5) EC (1:2.5)  TCF ECO 
25oc 
Soluble Salts (meg/lextr) % Hc
 Tem M3/cm Temp Ca++ Mg++ Na+ K+ 
1 H1/1 Pit 1 0-30 7.94 20.6 294 19.2 1.131 332.514 0.401 0.273 0.288 0.051 0.018
2 H12 Pit 1 30-60 7.42 20.5 223 19.4 1.127 251.32 0.127 0.209 0.284 0.006 0.021
3 H2-3 Pit 2 0-30 7.63 20.5 368 19.3 1.129 415.47 0.148 0.407 0.299 0.077 0.03o
4 H2-4 Pit 2 30-60 7.95 20.6 281 19.3 1.129 317.25 0.380 0.114 0.340 0.029 0.044
5 H3 5 Pit 3 0-30 7.88 20.6 257 19.3 1.129 290.15 0.206 0.162 0.301 0.030 0.048
6 H3 6 Pit 3 30-60 7.90 20.4 199 19.3 1.129 224.67 0.263 0.148 0.340 0.004 0.062
7 H4 7 Pit 4 0-30 7.86 20.6 251 19.2 1.131 283.88 0.851 0.272 0.306 0.028 0.070
8 H4 8 Pit 4 30-60 7.82 20.6 264 19.3 1.129 298.06 0.287 0.191 0.316 0.021 0.073
9 H5 9 Pit 5 0-30 8.00 20.6 265 19.2 1.131 299.72 0.258 0.230 0.328 0.022 0.085
10 H5 10 Pit 5 30-60 8.00 20.6 270 19.2 1.131 305.37 0.146 0.122 0.541 0.002 0.118
11 H6 11 Pit 6 0-30 7.99 20.6 235 19.4 1.127 264.85 0.216 0.174 0.325 0.001 0.125
12 H6 12 Pit 6 30-60 7.93 20.7 240 19.3 1.129 270.96 0.322 0.145 0.315 0.013 0.128
13 H7 13 Pit 7 0-30 7.88 20.5 210 19.5 1.125 236.25 0.406 0.152 0.343 0.071 0.140
14 H7 14 Pit 7 30-60 7.90 20.5 292 19.5 1.125 328.5 0.182 0.087 0.310 0.096 0.143
 
The proportion of sodium ions present in the soils is generally measured by a factor called Sodium-
Adsorption Ratio (SAR)   and is defined     
                                                     
2
++++
+
+
=
MgCa
NaSAR  
The type of water used in the Gergera watershed is generally, low sodium water i.e. SAR value 
lying from 0.408 to 1.478. Therefore, this can be suitably used for irrigation on almost all types of 
soils and for almost all crops.   
Proportion of sodium ions to other cations.most of the soils contain calcium and magnesium ions 
and small quantities of sodium ions. The percentage the sodium ions are generally less than 5% of 
the total exchangeable cations. If this percentage increases to about 10% or more, the aggregation 
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of soil grains breaks down, less permeability soil, crushing when dry, and increases in PH value          
Table 34 The suitability of water for irrigation with different ranges of SAR values. 
S. No. Type of water Use in irrigation 
1. 
 
 
2. 
 
 
3. 
Low sodium Water. SAR value 
lying between 0 and 10  
 
Medium sodium water. SAR value 
lying between 10 and 18. 
 
High sodium water. SAR value lying 
between 18 and 26.  
• Can be used for irrigation on almost all soils 
and for almost all crops. 
 
• Hazardous in fine textured soils, which may 
require gypsum, etc but may be used on 
course-textured or organic soils with good 
permeability. 
• Generally, not suitable for irrigation. 
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CHAPTER FIVE CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusion 
 Gergera watershed is moderately drained by intermittent streams that has denderatic drainage 
pattern. The streams are drain from the hillsides toward the low lying central part. The major land 
use is cultivated land, which cover 19.2% of the study area.  
The area characterized by monomodal rain fall distribution in which the rainy seasons include 
April, May, Jun, July and August. The average monthly rain fall and temperature are 50.8mm and 
17.4oc, respectively. These make the area to fall in temperate climatic zone. The annual actual 
evapotranspiration of the basin was found to be 0.7192*106m3 per year. 
 
Water balance analysis of the area indicate that there is net amount of water that infiltrate down to 
recharge the ground water system which equals to 0.7308*106m3 per year. The amount of water 
that is lost from  the basin through evapotranspiration, infiltration and water withdrawal from hand 
dug wells and springs for domestic and irrigation purpose was equals 0.7192*106m3 
,0.7308*106m3, 1.58*106m3, respectively. Precipitation is the only in flow and equals to 
4.89*106m3per year, the net run off from the basin is equals to 1.86*106m3 per year.   
An understanding of the regional and local geologic, hydro geologic and hydrologic conditions is 
necessary for an effective development of groundwater resources of the area and sufficient 
knowledge of the groundwater assessment is important for safe, adequate and sustainable 
groundwater supply for various uses as well as to the desired purposes. The geological formation 
of the watershed is composed of Precambrian basement rock, metavolcanic, Mesozoic sedimentary 
rocks and Quaternary alluvial deposits. The favorable conditions that contribute most for the 
groundwater recharge of the watershed are mainly rainfall, over land flow and infiltration in the 
flat topography and fractures along the sandstone side and foliations along the metavolcanic rocks. 
The Wukro master fault oriented East- West of the study area and fractures along the sandstone are 
open encouraging high infiltration and large storage of groundwater.   
Based on the geological and hydro geological logs and information about position of water level in 
aquifers in the area, the aquifers are found to be confined and unconfined type, and the watershed 
is classified as aquifers with intergranular permeability of alluvial deposits. The drawdown 
productivity of these unconsolidated sediment aquifers ranges the transmissivity values between 
4.25*10-3 m2/min to 1.63*10-2m2/min and the hydraulic conductivity (k) values ranges between 
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2.57*10-3m/min to 8.12*10-3m/min and the recovery values of transmissivity (T) ranges between 
9.03*10-4m2/min to 1.55*10-2m2/min and the hydraulic conductivity (k) values ranges between 
5.16*10-4m/min to 1.19*10-2m/min. Accordingly, the potential of many of the aquifers refers low 
to moderate due to partially penetration of the water bearing layers. 
 
In the study area the absence of groundwater information and poor management of groundwater 
resources is due to an availability of previous case study or any researches concerning the surface 
and groundwater resources. The people at the watershed were not use groundwater properly and 
they have lack of enough information about the type of crops which are highly demanded at the 
present market as well as the absence of water use and land use training on how to irrigation 
application and what type of crops are favorable for their farm land. 
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5.2 Recommendation 
 
Gergera watershed is the major irrigation and drinking source for Tabia Hayelom, gergera village. 
Except the swampy area there is no surface water which exists as a lake. But the ground water in 
this area is used as the major drinking and irrigation water source for that village.  
 Based on the results and observations obtained during surface water and groundwater potential 
evaluation on the Gergera water shed have forward the following recommendations: - 
• The farmers have to be trained on the effective use of water resource without disturbing the 
natural environment. 
• Appropriate ways of water exploitation and irrigation interval should have to be adapted 
based on the optimum water utilization studies for sustainability. 
• Since surface and ground water are strongly related, the ground water system of the basin 
and its interaction (if any) with the neighboring basins should have to be studied in detail. 
• Good understanding of the aquifer potentials of the hydraulic parameters in the watershed 
including transmissivity,storativity,and hydraulic conductivity values are crucial in this 
regard. In this research work to quantify these parameters only continuous pumping test 
(draw down and recovery) of the given well was performed. 
•  Observation wells around the pumping well has to be considered in the watershed to 
perform a more reliable and accurate estimation of the abave parameters value. 
• To quantify aquifer parameters boreholes should be drilled in the area because the present 
data no recharge and discharge were collected from shallow hand dug wells 
• Set the distance between wells going to dug or drilled in the future to prevent well 
interference because all the shallow wells in the watershed are in the unconsolidated 
sediment aquifers. 
• It is important to continue covering the recharge area by vegetation and construct several 
water retention structures so as to increase the infiltration of water to the ground. 
• Three approaches or measures are recommended for saving and effective utilization of 
water in the basin: 
                 1. Conjunctive use of groundwater and surface water 
                 2.  Conservation of surface water in times of plenty for use in times of scarcity: and 
                3. Rain water harvesting. 
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• The dug wells are open, it has to be sealed or closed in order to protect from any water born 
diseases and from further evapotranspiration. 
• For Sustainable groundwater management, the farmers of the Gergera watershed should be 
trained to use the highest market value type of crops. 
• In the watershed, based on the current water quality evaluation, groundwater is suitable for 
the crops and vegetables practiced in the area; 
• Groundwater management and utilization legislation should be formulated to overcome 
future conflict in utilization of the scarce resources in the area; 
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APPENDIXES 
Appendix I Meteorological Data 
 
Country: - Ethiopia  
Altitude: - 1977m 
Latitude: - 13o45” 
Altitude: - 39o 45” 
 
Element :Rainfall data                           Station    Wukro 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1992 * * * 6.5 26.1 6.8 56.6 124.3 18.6 28.5 27.6 9.8 
1993 4.9 9.5 38.0 79.6 68.9 12.3 141.0 107.2 28.1 6.5 0.0 0.0 
1994 0.0 0.0 0.0 22.1 0.0 53.3 176.1 261.1 102.6 0.0 0.0 0.0 
1995 0.0 11.3 33.5 6.5 14.5 0.0 184.9 198.1 37.6 0.0 0.0 0.0 
1996 0.0 0.0 115.4 60.5 73.5 88.8 178.0 389.7 0.0 0.0 18.4 1.0 
1997 0.0 0.0 31.7 72.2 10.8 19.4 185.3 5.3 23.0 4.7 * * 
1998 0.0 0.0 3.1 10.0 49.1 19.3 415.5 * * 0.0 0.0 0.0 
1999 * * * * * 0.0 167.3 352.5 13.6 0.0 0.0 0.0 
2000 0.0 0.0 0.0 30.0 0.0 135.0 405.5 0.0 0.0 0.0 0.0 0.0 
2001 0.0 0.0 69.5 48.8 83.0 115.4 385.6 * 4.6 0.0 * * 
2002 * * * * * 35.4 107.7 384.4 41.3 0.0 0.0 0.0 
2003 * 60.9 42.3 92.7 0.0 7.7 112.9 329.4 50.5 0.0 0.6 43.1 
2004 2.0 0.0 0.0 14.5 42.0 67.2 129.3 171.5 4.8 14.0 0.0 0.0 
2005 0.0 2.8 12.6 61.7 1.3 9.5 183.4 206.3 18.1 0.0 0.0 0.0 
2006 0.0 0.0 4.3 42.7 34.5 66.2 155.5 299.6 36.1 35.4 0.0 0.0 
average 0.6 7.0 29.2 42.1 31.1 42.4 199.0 217.6 27.1 5.9 3.6 4.1 
 
 
    Element: Mean Monthly Maximum Temoerature                                         Staion Wukro    
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1995 27.4 28.4 29.1 29.4 29.8 31.6 26.6 26.9 27.6 27.4 26.1 27.5 
1996 28.1 29.4 29.1 28.2 29.2 27.6 25.4 24.5 28.0 27.5 26.4 26.7 
1997 28.3 28.2 29.2 29.0 29.6 30.9 26.1 30.1 27.6 28.5 * * 
1998 26.9 31.0 30.9 32.2 30.7 31.9 * * * * * * 
1999 * * * * * 33.1 27.1 25.9 26.0 26.5 25.7 26.8 
2000 28.3 26.7 28.8 28.2 28.7 29.9 28.5 28.0 26.1 27.1 28.0 26.8 
2001 27.8 28.6 29.3 31.5 30.6 29.8 27.2 * 28.4 31.0 * *
2002 * * * * * 24.7 28.1 27.3 27.9 27.6 26.8 27.4 
2003 29.1 29.6 29.3 29.5 31.3 30.6 26.6 25.5 28.2 26.6 26.2 26.0 
2004 29.3 27.7 28.3 29.5 31.2 29.9 26.9 26.2 27.9 25.9 26.1 27.0 
2005 27.9 29.2 29.2 29.1 30.1 30.7 26.2 26.8 28.1 26.3 25.6 25.6 
2006 27.3 29.2 29.9 28.4 29.2 30.8 27.1 25.9 28.2 27.3 26.7 27.0 
average 28.0 28.8 29.3 29.5 30.1 30.1 26.9 26.7 27.6 27.4 26.4 26.7 
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Element: Mean monthly Minimum Temperature                                     Station wukro    
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1994 6.4 8.1 11.5 12.4 12.6 10.6 12.8 11.6 11.3 11.2 7.2 5.4 
1995 6.2 8.4 10.7 12.8 12.9 12.9 11.8 12.6 9.2 7.5 6.2 7.5 
1996 9.3 9.9 11.9 11.6 11.6 11.5 13.7 12.8 10.6 9.6 8.7 7.1 
1997 6.4 7.8 12.2 13.3 13.9 13.7 13.8 11.2 12.4 12.3 * * 
1998 15.1 8.7 13.2 14.8 14.4 13.7 14.5 * * 9.8 7.4 6.4 
1999 * * * * * 12.8 13.6 13.0 12.3 12.4 10.4 8.8 
2000 8.1 9.7 10.7 13.4 11.9 12.7 13.5 13.1 12.7 10.6 10.3 8.5 
2001 6.5 7.6 11.0 11.7 11.3 12.0 11.5 * 9.9 7.1 * *
2002 * * * * * * * * 12.7 11.0 9.9 9.7 
2003 7.9 10.8 12.4 14.0 15.7 13.9 14.8 14.5 12.2 10.4 9.5 8.3 
2004 8.9 9.7 11.6 14.5 12.5 13.6 13.9 13.6 10.6 10.2 10.0 8.6 
2005 8.6 10.4 13.3 14.8 14.5 13.5 14.2 13.5 12.3 10.4 10.1 6.6 
2006 7.3 10.4 12.0 14.1 14.4 12.7 14.6 14.3 10.8 10.7 9.7 10.6 
average 8.2 9.2 11.9 13.4 13.2 12.8 13.5 13.0 11.4 10.3 9.0 8.0 
 
 
Element: Mean monthly Wind speed                                   Station Senkata  
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
2000 * * * * * * * * * * * 1.707 
2001 1.89 1.93 2.12 2.14 2.68 1.37 1.27 1.24 3.13 2.40 1.87 1.82 
2002 1.67 1.97 1.92 2.72 2.67 2.10 1.61 1.38 2.74 2.40 1.94 2.57 
2003 2.66 1.89 2.23 3.18 2.41 2.11 1.27 1.31 2.05 2.43 2.13 1.80 
2004 1.75 2.10 2.20 2.18 3.03 2.03 1.38 1.34 2.49 2.42 2.68 1.71 
2005 1.92 2.27 2.03 2.48 2.18 2.37 1.30 1.43 1.09 2.64 2.14 1.91 
2006 1.90 1.99 2.39 2.28 2.39 2.17 1.27 1.25 1.98 2.45 1.88 1.62 
average 1.96 2.03 2.1 2.5 2.56 2.02 1.35 1.33 2.2 2.5 2.11 1.9 
 
Element: Mean monthly Relative Humidity                           Station Senkata 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
2002 55 38 41 43 33 46 64 71 44 46 46 54 
2003 42 39 42 47 41 49 79 82 50 45 41 35 
2004 40 36 36 52 27 46 71 77 42 47 47 43 
2005 42 31 48 48 49 44 77 75 49 46 49 31 
2006 37 42 49 51 51 43 80 85 51 53 54 60
average 43 37 43 48 40 45 74 78 47 48 47 45 
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Element: Mean monthly Sunshine Hours                  Station Senkata
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
2000 * * * * * * * * * * * 9.5 
2001 10.5 10.2 8.0 9.9 * * * * * * 10.0 10.4 
2002 8.9 10.1 9.0 13.7 10.2 6.9 5.9 6.2 8.7 9.1 9.7 10.0 
2003 10.6 9.9 9.6 9.0 9.2 6.7 3.5 4.7 8.1 9.5 10.5 10.2 
2004 10.0 10.1 9.7 9.1 11.1 6.8 5.5 5.7 8.5 9.0 9.4 10.2 
2005 9.7 10.6 8.6 9.4 8.8 9.4 4.1 5.5 7.8 9.3 9.7 10.5 
2006 10.5 10.3 8.9 8.2 8.2 7.1 4.0 3.7 6.9 8.4 9.6 9.7 
average 10 10.2 8.97 9.88 9.5 7.37 4.59 5.16 8 9.06 9.8 10.1 
 
 Appendix II Infiltration measurement in Gergera watershed  
     Infiltration Measurement at YS1  
No 
Time in 
min 
Depth of 
intake(cm) 
Infiltration 
rate 
(cm/min) 
Cumulative 
intake(cm) 
1st 
Round         
1 1 1 1 1 
2 1 1 1 2 
3 1 1 1 3 
4 3 3.7 1.23 6.7 
5 3 2.8 0.93 9.5 
6 3 2.4 0.8 11.9 
7 5 3.1 0.62 15 
2nd 
Round         
8 2 3 1.5 3 
9 2 2 1 5 
10 3 2.8 1.4 7.8 
11 3 2.4 1.2 10.2 
12 5 3.7 1.85 13.9 
13 5 3.6 1.8 17.5 
3rd 
Round         
14 1 1.5 1.5 1.5 
15 3 3 1 4.5 
16 3 3 1 7.5 
17 5 4.1 0.82 11.6 
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18 5 3.3 0.66 14.9 
4th 
Round         
19 2 2 1 2 
20 3 3 1 5 
21 5 4 0.8 9 
22 5 3.2 0.64 12.2 
23 5 3.2 0.64 15.4 
5th 
Round         
24 2 1.4 0.7 1.4 
25 2 1.6 0.8 3 
26 2 1.2 0.6 4.2 
27 3 1.8 0.6 6 
28 3 2 0.67 8 
29 3 1.2 0.4 9.2 
30 5 2.5 0.5 11.7 
31 5 2.2 0.44 13.9 
32 5 2.8 0.56 16.7 
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                                                     Infiltration measurement at YS2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                           
                                  
 
 
                          
 
 
 
 
 
 
 
 
 
No 
Meas. 
Interval(min) 
Depth of 
intake(cm) 
Infiltration 
rate 
(cm/min) 
Cumulative 
intake (cm) 
1st 
Round         
1 2 1.5 0.75 1.5 
2 2 1.1 0.55 2.6 
3 2 0.9 0.45 3.5 
4 3 3 1 6.5 
5 3 1.5 0.5 8 
6 3 1.4 0.47 9.4 
7 5 2.1 0.42 11.5 
8 5 1.9 0.38 13.4 
9 5 1.7 0.35 15.1 
10 5 1.5 0.3 16.6 
2nd 
Round         
11 1 0.5 0.5 0.5 
12 1 0.5 0.5 1 
13 2 1.2 0.6 2.2 
14 2 1.3 0.65 3.5 
15 2 1.1 0.55 4.6 
16 3 1.5 0.5 6.1 
17 3 1.5 0.5 7.6 
18 3 1.3 0.5 8.9 
19 5 2 0.4 10.9 
20 5 1.6 0.32 12.5 
21 5 1.8 0.36 14.3 
22 5 1.7 0.34 16 
23 5 1.5 0.3 17.5 
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                             Infiltration Measurement at YS3 
No 
Meas. 
Interval(min)
Depth of 
intake(cm)
Infiltration 
rate 
(cm/min) 
Cumulative 
intake(cm) 
1st 
Round         
1 1 1.2 1.2 1.2 
2 1 0.8 0.8 2 
3 1 0.5 0.5 2.5 
4 2 0.9 0.45 3.4 
5 2 0.9 0.45 4.3 
6 2 0.6 0.3 4.9 
7 3 1.2 0.4 6.1 
8 3 1.1 0.37 7.2 
9 3 1.2 0.4 8.4 
10 5 1.5 0.3 9.9 
11 5 1.5 0.3 11.4 
12 5 1.3 0.26 12.7 
13 5 1.2 0.24 13.9 
2nd 
Round         
14 1 0.5 0.5 0.5 
15 1 0.6 0.6 1.1 
16 1 0.4 0.4 1.5 
17 2 0.9 0.45 2.4 
18 2 1 0.5 3.4 
19 2 0.7 0.35 4.1 
20 3 1.2 0.4 5.3 
21 3 1.2 0.4 6.5 
22 3 1 0.33 7.5 
23 5 1.5 0.3 9 
24 5 1.5 0.3 10.5 
25 5 1.5 0.3 12 
26 5 1.5 0.3 13.5 
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              Infiltration Measurement at YS4 
No 
Meas. 
Interval(min)
Depth of 
intake(cm)
Infiltration 
rate(cm/min)
Cumulative 
intake(cm) 
1st 
Round         
1 1 0.4 0.4 0.4 
2 1 0.5 0.5 0.9 
3 1 0.5 0.5 1.4 
4 2 1.1 0.55 2.5 
5 2 0.7 0.35 3.2 
6 2 0.8 0.4 4 
7 3 0.6 0.2 4.6 
8 3 0.7 0.23 5.3 
9 3 0.7 0.23 6 
10 5 1.1 0.22 7.1 
11 5 1 0.2 8.1 
12 5 1 0.2 9.1 
13 5 1 0.2 10.1 
14 5 1 0.2 11.1 
2nd 
Round         
15 1 0.3 0.3 0.3 
16 1 0.2 0.2 0.5 
17 1 0.2 0.2 0.7 
18 2 0.4 0.2 1.1 
19 2 0.7 0.35 1.8 
20 2 0.4 0.2 2.2 
21 3 0.8 0.27 3 
22 3 0.7 0.23 3.7 
23 3 0.5 0.17 4.2 
24 5 1.1 0.22 5.3 
25 5 1 0.2 6.3 
26 5 1 0.2 7.3 
27 5 1.1 0.22 8.4 
28 5 1.1 0.22 9.5 
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                      Infiltration Measurement at YS5 
 
No 
Meas. 
Interval(min)
Depth of 
intake(cm)
Infiltration 
intake(cm/min)
Cumulative 
intake(cm) 
1st 
Round         
1 1 0.2 0.2 0.2 
2 1 0.2 0.2 0.4 
3 1 0.1 0.1 0.5 
4 3 0.2 0.06 0.7 
5 3 0.2 0.06 0.9 
6 3 0.1 0.03 1 
7 2 0.1 0.05 1.1 
8 2 0.1 0.05 1.2 
9 2 0.1 0.05 1.3 
10 2 0.1 0.05 1.4 
11 5 0.1 0.02 1.5 
12 5 0.09 0.018 1.59 
13 5 0.01 0.002 1.6 
14 5 0.1 0.02 1.7 
2nd 
Round         
15 5 0.1 0.02 0.1 
16 5 0.1 0.02 0.2 
17 5 0.1 0.02 0.3 
18 5 0.1 0.02 0.4 
19 5 0.1 0.02 0.5 
20 5 0.1 0.02 0.6 
21 5 0.1 0.02 0.7 
22 5 0.1 0.02 0.8 
23 5 0.1 0.02 0.9 
24 5 0.1 0.02 1 
25 5 0.1 0.02 1.1 
26 5 0.1 0.02 1.2 
 
 
 
                         
      
103 
 
                              Infiltration Measurement at YS6 
 
No 
Meas. 
Interval(min)
Depth of 
intake(cm)
Infiltration 
intake(cm/min)
Cumulative 
intake(cm) 
1st 
Round     
1 1 0.5 0.5 0.5 
2 1 0.5 0.5 1 
3 1 0.4 0.4 1.4 
4 2 0.5 0.25 1.9 
5 2 0.5 0.25 2.4 
6 2 0.4 0.2 2.8 
7 3 0.5 0.166 3.3 
8 3 0.6 0.2 3.9 
9 3 0.3 0.1 4.2 
10 5 0.8 0.16 5 
11 5 0.7 0.14 5.7 
12 5 0.5 0.1 6.2 
13 5 0.7 0.14 6.9 
14 5 0.5 0.1 7.4 
15 5 0.6 0.12 8 
16 5 0.5 0.1 8.5 
17 5 0.6 0.12 9.1 
18 5 0.5 0.1 9.6 
19 5 0.4 0.08 10 
20 5 0.6 0.12 10.6 
21 5 0.4 0.08 11 
22 5 0.4 0.08 11.4 
23 5 0.6 0.12 12 
24 5 0.5 0.1 12.5 
25 5 0.5 0.1 13 
2nd 
Round     
26 1 0.1 0.1 0.1 
27 1 0.1 0.1 0.2 
28 1 0.2 0.2 0.4 
29 2 0.3 0.15 0.7 
30 2 0.3 0.15 1 
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31 2 0.3 0.15 1.3 
32 3 0.5 0.166 1.8 
33 3 0.7 0.23 2.5 
34 3 0.5 0.166 3 
35 5 0.9 0.18 3.9 
36 5 0.7 0.14 4.6 
37 5 0.8 0.16 5.4 
38 5 0.5 0.1 5.9 
39 5 0.7 0.4 6.6 
40 5 0.8 0.16 7.4 
41 5 0.4 0.08 7.8 
42 5 0.6 0.12 8.4 
43 5 0.5 0.1 8.9 
44 5 0.5 0.1 9.4 
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  Appendix III: Shallow Well Inventory of the Gergera Water Shade 
 
S.NO. OWNER'S NAME LOCATION ALTITUDE DEPTH WT 
PIESO 
METER 
TYPES OF 
AQUIFER 
RECOVER
Y 
 RATE 
YEAR 
OF  
CONST. 
WAY 
OF  
CONST. OWNER 
PURPOSE 
OF  
THE WELL 
     X Y (m) (m) (m) (m)             
1 W/gebreal Abay 578571 1520303 2166 7.1   5.35 Confined 24hrs. 1997 Mannual Private Irrigation 
2 
G/egezaber 
Asfaha 578471 1520221 2161 4.8 2   Multi layer 24hrs. 1996 Mannual Private 
Multi 
Purpose 
3 
G/medene 
g/mariyam 578530 1520451 2162 4.2 2.7   Multi layer 8hrs. 1996 Mannual Private 
Multi 
purpose 
4 W/gebreal Abay 578573 1520453 2162 4.17 2.2   Multi layer 24hrs. 1996 Mannual Private 
multi 
purpose 
5 Berhan Kahsay 578478 1520431 2161 4.74 2.4   Multi layer 24hrs. 1996 Mannual Private 
Multi 
purpose 
6 Hashe Hailu 578477 1520338 2166 4.1 2   Unconfied 36hrs. 1996 Mannual Private MultiPurpose 
7 
Ende Kerose 
Bashye 578588 1520484 2167 4 3.3   Unconfined 48hrs. 1996 Mannual Private Irrigation 
8 Welda Alemayehu 578080 1520363 2158 3.4 2.4   Unconfined 5-6hrs. 1996 Mannual Private 
Multi 
Purpose 
9 Welda Alemayehu 578037 1520323 2155 3.9 1.6   Unconfined 5-6hrs. 1996 Mannual Private 
Multi 
Purpose 
10 Tsega Kerose 578223 1520093 2158 4.55 3   Unconfined 6hrs. 1996 Mannual Private 
Multi 
purpose 
11 Ebuye Embaye 578200 1520050 2156 3.35 1.2   Unconfined 24hrs. 1996 Mannual Private Irrigation 
12 Demakech Barki 578571 1520094 2170 2.8 1.2   Unconfined 1hrs. 1996 Mannual Private 
Multi 
purpose 
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13 Hagose Araya 578292 1519977 2162 4.5   2 Confined 72hrs. 1996 Mannual Private Irrigation 
14 Aberha Germaye 578411 1520118 2169 3.25 3   Multi layer   1996 Mannual Private   
15 Meberatu Asefa 578339 1520013 2164 3.8 3.6   Unconfined   1996 Mannual Private   
16 Berhe Germaye 578607 1520055 2170 3.7 2.1   Multi layer 2hrs. 1996 Mannual Private 
Multi 
Purpose 
17 
Zewedu 
G/egezaber 578351 1520179 2161 3.4   2 Multi layer   1996 Mannual Private   
18 G/meskale Berhe 578858 1519940 2177 7.9   5.2 Confined 12hrs. 1996 Mannual Private 
Multi 
Purpose 
19 H/yelma G/silase 578545 1520032 2170 4.3   2.6 Confined 6hrs. 1996 Mannual Private 
Multi 
Purpose 
20 Mehare Hadegu 578668 1520044 2175 3.75 2.9   Uncofined 12hrs. 1996 Mannual Private 
Multi 
Purpose 
21 Telbatse Eruye 578310 1520182 2159 4 2.8   Unconfined 24hrs. 1996 Mannual Private 
Multi 
Purpose 
22 H/fanose Aregaye 578450 1520049 2167 4   3.4 Confined 8hrs. 1996 Mannual Private 
Multi 
Purpose 
23 Alemayehu Hanse 578748 1520003 2175 5.1 3.2   Multi layer 24hrs. 1996 Mannual Private 
Multi 
Purpose 
24 Mezgebe Abrha 578177 1520329 2158 4.45 1.9   Multi layer 24hrs. 1996 Mannual Private 
Multi 
Purpose 
25 Barambaras Araya 578169 1520247 2157 4.8 2.1   Unconfined 8hrs. 1996 Mannual Private 
Multi 
Purpose 
26 Barambaras Araya 578127 1520222 2155 3.4   1.65 Confined 12hrs. 1996 Mannual Private 
Multi 
Purpose 
27 Gidey Abrha 578081 1520220 2157 2.8 2.4   Unconfined   1997 Mannual Private Irrigation 
28 Hanse Haile 578097 1520278 2159 4.8 2.2   Multi layer 12hrs. 1996 Mannual Private 
Multi 
Purpose 
29 Simret G/Mariam 578146 1520280 2158 4.3 2.1   Unconfined 24hrs. 1996 Mannual Private Multi 
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Purpose 
30 
Halefom 
Alemayehu 577992 1520313 2154 3.05 2   Unconfined 24hrs. 1996 Mannual Private 
Multi 
Purpose 
31 Abadi Girmay 577533 1520050 2145 4.3   2.2 confined 24hrs. 1996 Mannual Private 
Multi 
Purpose 
32 Hishe Hadish 577357 1520240 2151 3.3 1.4   Unconfined 6hrs. 1996 Mannual Private 
Multi 
Purpose 
33 Seyfu Girmay 577321 1520204 2150 3.95   2.55 Confined   1998 Mannual Private   
34 Assefa Hisen  577898 1519960 2156 2.75 1.5   Unconfined 18hrs. 1996 Mannual Private Irrigation 
35 Kunom Baraki 578270 1520050 2159 3.1 2.1   Unconfined 1hrs. 1996 Mannual Private Irrigation 
36 Mueze Hailu 578297 1520030 2160 3.4 2   Unconfined 14hrs. 1996 Mannual Private 
Multi 
Purpose 
37 IRISH 578771 1520284 2174 4.8   3.35 Confined 3hrs. 1991 Mannual Private Irrigation 
38 Halefom Kassa 578581 1520000 2172 3.8 3.7   Unconfined   1996 Mannual Private   
39 Asfaw Kahsay 578468 1520087 2167 3.75   1.6 Confined 24hrs. 1996 Mannual Private 
Multi 
Purpose 
40 H/weldu Arefu 577952 1519940 2154 3.05   1.2 Confined 36hrs. 1996 Mannual Private Irrigation 
41 Mehari Alemayehu 577985 1519921 2157 3.75   2.2 Multi layer 24hrs. 1996 Mannual Private Irrigation 
42 G/silase Tesfay 577972 1519917 2161 4.8 4   Unconfined   1997 Mannual Private   
43 Shefena Naizgi 578045 1519974 2162 2.25 1.7   Unconfined   1996 Mannual Private   
44 Abrha Bsrat 578108 1519955 2155 3.8 1.9   Unconfined 12hrs. 1996 Mannual Private 
Multi 
Purpose 
45 Berhe Abrha 578383 1520383 2160 2.65 1.8   Multi layer 6hrs. 1996 Mannual Private Irrigation 
46 G/tekle Girmay 578430 1520453 2170 3.8   2.95 Confined One week 1996 Mannual Private Irrigation 
47 Kahsay Girmay 578329 1520492 2161 3.75 3   Unconfined   1996 Mannual Private   
48 Hadish Halefom 578230 1520275 2157 4.5   1.85 Confined 24hrs. 1996 Mannual Private Irrigation 
49 G/medhin Assefa 578924 1520491 2180 5.6         1996 Mannual Private   
50 Birhan Girmay  577570 1520391 2151 2.5         1997 Mannual Private   
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51  Tadele Teklay 578270 1520563 2165 3.35         1996 Mannual Private   
52 Abrha Assefa 578199 1519892 2150 2.5         1996 Mannual Private   
53 Tadele Hishe 578205 1519871 2161 5         1996 Mannual Private   
54 G/medhin Kassa 579043 1519964 2180 3.5         1996 Mannual Private   
55 Desta Girmay 579074 1519942 2180 3.6         1996 Mannual Private   
56 Mueze Hailu 578990 1520064 2176 4         1997 Mannual Private   
57 Kindey Girmay 578851 1520471 2173 4.15         1996 Mannual Private   
58 Amide Brhan 577228 1520977 2144 2.7         1996 Mannual Private   
59 Tsadik Gidey 577025 1519818 2141 2.6         1997 Mannual Private   
60 Derder Desta 577144 1519918 2144 3.6         1996 Mannual Private   
61 Gebre G/medhin 577295 1520108 2146 3         1996 Mannual Private   
62 Hishe Hailu 578455 1520375 2170 2.65         1999 Mannual Private   
63 W/gebreal Mahari 578625 1520498 2166 3.2         1996 Mannual Private   
64 G/kidane Tesfaye 577272 1520151 2148 3.55         1996 Mannual Private   
65 Teka Kidanu 577341 1520162 2148 3         1996 Mannual Private   
66 Memhre Gebre 577722 1519933 2155 3.5         1997 Mannual Private   
67 
Tesfaye 
G/Egziabher 578396 1520022 2165 3.9       24hrs. 1996 Mannual Private Irrigation 
68 Public 577842 1520497 2156 7.5                 
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Appendix IV: Drowndown Data of 6 Selected Wells                                 
 
PUMPING TEST 1 
Well no.39 
Location 
X: 578468E 
Y: 1520087N 
Date of test: 08-09-99 (E.C.) 
Time of start: 9:05am 
Time of stop: 11:57am 
Type of test: continues pumping test  
Date of construction: 1996 (E.C.) 
First water strike: 1.60m 
Dynamic water level: 2.48m 
Total depth: 3.80m  
Type of aquifer: Confined 
Total time of test: 172min. 
Discharge: 1L/s 
 
Time since pumping 
started(minute) 
Water level 
  ( meter) 
Drawdown 
(DDW) 
(meter) 
0 2.48 0 
5 2.52 0.04 
10 2.56 0.08 
15 2.61 0.13 
20 2.66 0.18 
25 2.72 0.24 
30 2.78 0.30 
40 2.90 0.42 
50 3.03 0.55 
60 3.15 0.67 
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90 3.34 0.86 
120 3.52 1.04 
150 3.69 1.21 
172 3.80 1.32 
 
 
PUMPING TEST 2 
Well no. 48 
Location 
X: 578230E 
Y: 1520275N 
Date of test: 08-09-99 (E.C.) 
Time of start: 7:36am  
Time of stop: 10:20am  
Type of test: continues pumping test  
Date of construction: 1996 (E.C.) 
First water strike: 1.85m 
Dynamic water level: 2.41m 
Total depth: 4.15m  
Type of aquifer: Confined 
Total time of test: 160min. 
Discharge: 1L/s 
 
 
Time since pumping 
started(minute) 
Water level 
( meter) 
Drawdown 
(DDW) 
(meter) 
0 2.41 0 
5 2.52 0.11 
10 2.63 0.22 
15 2.68 0.27 
20 2.73 0.32 
25 2.79 0.38 
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30 2.85 0.44 
40 2.91 0.50 
50 2.96 0.55 
60 3.06 0.65 
90 3.42 1.01 
120 3.78 1.37 
150 4.05 1.64 
160 4.15 1.74 
 
PUMPING TEST 3 
Well no. 19 
Location 
X: 578545E 
Y: 1520032N 
Date of test: 09-09-99 (E.C.) 
Time of start: 7:25am  
Time of stop: 10:11am  
Type of test: continues pumping test  
Date of construction: 1996 (E.C.) 
First water strike: 2.60m 
Dynamic water level: 3.05m 
Total depth: 4.55m  
Type of aquifer: Confined 
Total time of test: 167min. 
Discharge: 1L/s 
Time since pumping 
started(minute) 
Water level 
( meter) 
Drawdown 
(DDW) 
(meter) 
0 3.05 0 
5 3.09 0.04 
10 3.14 0.09 
15 3.19 0.14 
20 3.25 0.20 
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25 3.32 0.27 
30 3.39 0.34 
40 3.53 0.48 
50 3.68 0.63 
60 3.83 0.78 
90 4.03 0.98 
120 4.25 1.20 
150 4.46 1.41 
167 4.55 1.50 
 
 
PUMPING TEST 4 
Well no. 37 
Location 
X: 578771E 
Y: 1520248N 
Date of test: 09-09-99 (E.C.) 
Time of start: 7:30am  
Time of stop: 12:05pm  
Type of test: continues pumping test  
Date of construction: 1991(E.C.) 
First water strike: 3.35m 
Dynamic water level: 4.10m 
Total depth: 5.20m  
Type of aquifer: Confined 
Total time of test: 275min. 
Discharge: 1L/s 
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Time since pumping 
started(minute) 
Water level 
( meter) 
Drawdown 
(DDW) 
(meter) 
0 4.10 0 
5 4.12 0.02 
10 4.15 0.05 
15 4.18 0.08 
20 4.21 0.11 
25 4.24 0.14 
30 4.28 0.18 
40 4.33 0.23 
50 4.38 0.28 
60 4.44 0.34 
90 4.58 0.48 
120 4.65 0.55 
150 4.77 0.67 
180 4.89 0.79 
240 5.11 1.01 
275 5.20 1.10 
 
 
 
PUMPING TEST 5 
Well no. 44 
Location 
X: 578108E 
Y: 1519955N 
Date of test: 10-09-99 (E.C.) 
Time of start: 7:15am  
Time of stop: 10:05am  
Type of test: continues pumping test  
Date of construction: 1996 (E.C.) 
First water strike: 1.90m 
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Dynamic water level: 2.50m 
Total depth: 3.36m  
Type of aquifer: Unconfined 
Total time of test: 170min. 
Discharge: 1L/s 
Time since pumping 
started(minute) 
Water level 
( meter) 
Drawdown 
(DDW) 
(meter) 
0 2.50 0 
5 2.53 0.03 
10 2.57 0.07 
15 2.62 0.12 
20 2.68 0.18 
25 2.70 0.20 
30 2.74 0.24 
40 2.82 0.32 
50 2.84 0.34 
60 2.87 0.37 
90 3.07 0.57 
120 3.20 0.70 
150 3.29 0.79 
170 3.36 0.86 
PUMPING TEST 6 
Well no. 25 
Location 
X: 578169E 
Y: 1520247N 
Date of test: 10-09-99 (E.C.) 
Time of start: 7:05am  
Time of stop: 8:57am  
Type of test: continues pumping test  
Date of construction: 1996 (E.C.) 
First water strike: 2.10m 
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Dynamic water level: 3.80m 
Total depth: 4.76m  
Type of aquifer: Unconfined 
Total time of test: 112min. 
Discharge: 1L/s 
 
Time since pumping 
started(minute) 
Water level 
( meter) 
Drawdown 
(DDW) 
(meter) 
0 3.80 0 
5 3.84 0.04 
10 3.89 0.09 
15 3.94 0.14 
20 3.99 0.19 
25 4.05 0.25 
30 4.11 0.31 
40 4.22 0.42 
50 4.34 0.54 
60 4.46 0.66 
90 4.62 0.82 
112 4.76 0.96 
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Appendix V; Recovery test Data of 6 Selected Wells                              
 
RECOVERY TEST 1 
Well no. 39 
Location 
X: 578468E 
Y: 1520087N 
Date of test: 08-09-99 (E.C.) 
Time of start: 11:57am  
Time of stop: 9:48pm 
Date of construction: 1996 (E.C.) 
Type of test:  recovery test  
First water strike: 1.60m 
Dynamic water level: 2.48m 
Total depth: 3.80m  
Type of aquifer Confined 
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Total time of test: 591min. 
Discharge: 1L/s 
Time since pumping 
stopped (minute) 
Water level 
(meter) 
Residual draw down 
(RDDW) 
(meter) 
Recovery rate 
(t/t’) 
0 3.80 1.32 - 
5 3.75 1.27 35.40 
10 3.70 1.22 18.20 
15 3.64 1.16 12.47 
20 3.58 1.10 9.60 
25 3.52 1.04 7.88 
30 3.47 0.99 6.73 
40 3.37 0.89 5.30 
50 3.29 0.81 4.44 
60 3.10 0.62 3.87 
90 2.93 0.45 2.91 
120 2.86 0.38 2.43 
150 2.80 0.32 2.15 
180 2.75 0.27 1.96 
240 2.68 0.20 1.72 
300 2.61 0.13 1.57 
360 2.56 0.08 1.48 
420 2.54 0.06 1.41 
480 2.52 0.04 1.36 
540 2.50 0.02 1.32 
590 2.48 0.00 1.29 
 
 
 
RECOVERY TEST 2 
Well no. 48 
Location 
X: 578230E 
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Y: 1520275N 
Date of test: 08-09-99 (E.C.) 
Time of start: 10:20am  
Time of stop: 12:20pm  
Type of test:  recovery test  
Date of construction: 1996 (E.C.) 
First water strike: 1.85m 
Dynamic water level: 2.41m 
Total depth: 4.15m  
Type of aquifer: Confined 
Total time of test: 3000min. 
Discharge: 1L/s 
Time since pumping 
stopped (minute) 
Water level 
(meter) 
Residual draw down 
(RDDW) 
(meter) 
Recovery rate 
(t/t’) 
0 4.15 1.74 - 
5 4.14 1.73 33.00 
10 4.13 1.72 17.00 
15 4.11 1.70 11.67 
20 4.10 1.69 9.00 
25 4.09 1.68 7.40 
30 4.07 1.66 6.33 
40 4.06 1.65 5.00 
50 4.05 1.64 4.20 
60 4.04 1.63 3.67 
90 4.00 1.59 2.78 
120 3.93 1.52 2.33 
150 3.87 1.46 2.07 
180 3.83 1.42 1.89 
240 3.74 1.33 1.67 
300 3.66 1.25 1.53 
360 3.59 1.18 1.44 
420 3.54 1.13 1.38 
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480 3.40 0.99 1.33 
540 3.37 0.96 1.30 
600 3.34 0.93 1.27 
720 3.28 0.87 1.22 
840 3.21 0.80 1.19 
960 3.13 0.72 1.17 
1080 3.03 0.62 1.15 
1200 2.92 0.51 1.13 
1320 2.83 0.42 1.12 
1440 2.76 0.35 1.11 
1560 2.70 0.29 1.10 
1680 2.64 0.23 1.10 
1800 2.62 0.21 1.09 
1920 2.61 0.20 1.09 
2040 2.57 0.16 1.08 
2160 2.54 0.13 1.07 
2280 2.51 0.10 1.07 
2400 2.49 0.08 1.07 
2520 2.46 0.05 1.06 
2640 2.44 0.03 1.06 
2760 2.43 0.02 1.06 
2880 2.42 0.01 1.06 
3000 2.41 0.00 1.05 
 
 
 
 
 
 
RECOVERY TEST 3 
Well no. 19 
Location 
X: 578545E 
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Y: 1520032N 
Date of test: 09-09-99 (E.C.) 
Time of start: 10:15am  
Time of stop: 11:37pm  
Type of test:  recovery test  
Date of construction: 1996 (E.C.) 
First water strike: 2.60m  
Dynamic water level: 3.05m 
Total depth: 4.55m  
Type of aquifer: Confined 
Total time of test: 817min. 
Discharge: 1L/s 
 
 
 
Time since pumping 
stopped (minute) 
Water level 
(meter) 
Residual draw down 
(RDDW) 
(meter) 
Recovery rate 
(t/t’) 
0 4.55 1.50 - 
5 4.49 1.44 34.40 
10 4.45 1.40 17.70 
15 4.41 1.36 12.13 
20 4.36 1.31 9.35 
25 4.32 1.27 7.68 
30 4.28 1.23 6.57 
40 4.21 1.16 5.13 
50 4.15 1.10 4.34 
60 4.09 1.04 3.78 
90 3.97 0.92 2.86 
120 3.88 0.83 2.39 
150 3.80 0.75 2.11 
180 3.73 0.68 1.93 
240 3.61 0.56 1.70 
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300 3.55 0.50 1.56 
360 3.50 0.45 1.46 
420 3.45 0.40 1.45 
480 3.37 0.32 1.35 
540 3.29 0.24 1.31 
600 3.20 0.15 1.28 
660 3.15 0.10 1.25 
720 3.11 0.06 1.23 
780 3.07 0.02 1.21 
817 3.05 0.00 1.20 
 
RECOVERY TEST 4 
Well no. 37 
Location 
X: 578771E 
Y: 1520284N 
Date of test: 09-09-99 (E.C.)  
Time of start: 12:05pm  
Time of stop: 3:52pm  
Type of test:  recovery test  
Date of construction: 1991 (E.C.)  
First water strike: 3.35m 
Dynamic water level: 4.10m 
Total depth: 5.20m  
Type of aquifer: Confined 
Total time of test: 587min. 
Discharge: 1L/s 
 
 
 
Time since pumping 
stopped (minute) 
Water level 
(meter) 
Residual draw down 
(RDDW) 
(meter) 
Recovery rate 
(t/t’) 
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0 5.20 1.10 - 
5 5.13 1.03 56.00 
10 5.08 0.98 28.50 
15 5.02 0.92 19.33 
20 4.96 0.86 14.75 
25 4.90 0.80 12.00 
30 4.85 0.75 10.17 
40 4.75 0.65 7.88 
50 4.69 0.59 6.50 
60 4.67 0.57 5.58 
90 4.58 0.48 4.06 
120 4.53 0.43 3.29 
150 4.44 0.34 2.83 
180 4.39 0.29 2.53 
240 4.35 0.25 2.15 
300 4.32 0.22 1.92 
360 4.27 0.17 1.76 
420 4.22 0.12 1.65 
480 4.16 0.06 1.57 
540 4.13 0.03 1.51 
587 4.10 0.00 1.47 
 
 
RECOVERY TEST 5 
Well no. 44Location 
X: 578108E 
Y: 1519955N 
Date of test: 10-09-99 (E.C.) 
Time of start: 10:05am  
Time of stop: 1:05pm  
Type of test:  recovery test  
Date of construction: 1996 (E.C.) 
First water strike: 1.90m 
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Dynamic water level: 2.50m 
Total depth: 3.36m  
Type of aquifer: Unconfined 
Total time of test: 1620min. 
Discharge: 1L/s 
 
Time since pumping 
stopped (minute) 
Water level 
(meter) 
Residual draw down 
(RDDW) 
(meter) 
Recovery rate 
(t/t’) 
0 3.36 0.86 - 
5 3.34 0.84 35.00 
10 3.32 0.82 18.00 
15 3.31 0.81 12.33 
20 3.30 0.80 9.50 
25 3.28 0.78 7.80 
30 3.27 0.77 6.67 
40 3.25 0.75 5.25 
50 3.24 0.74 4.40 
60 3.23 0.73 3.83 
90 3.20 0.70 2.89 
120 3.17 0.67 2.42 
150 3.14 0.64 2.13 
180 3.10 0.60 1.94 
240 3.06 0.56 1.71 
300 3.03 0.53 1.57 
360 3.00 0.50 1.47 
420 2.98 0.48 1.40 
480 2.96 0.46 1.35 
540 2.94 0.44 1.31 
600 2.93 0.43 1.28 
660 2.90 0.40 1.26 
720 2.87 0.37 1.24 
780 2.84 0.34 1.22 
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840 2.80 0.30 1.20 
900 2.78 0.28 1.19 
960 2.74 0.24 1.18 
1020 2.70 0.20 1.17 
1140 2.64 0.14 1.15 
1260 2.59 0.09 1.13 
1380 2.54 0.04 1.12 
1500 2.52 0.02 1.11 
1620 2.50 0.00 1.10 
 
 
RECOVERY TEST 6 
Well no. 25 
Location 
X: 578169E 
Y: 1520247N 
Date of test: 10-09-99 (E.C.) 
Time of start: 8:57am  
Time of stop: 1:48am  
Type of test:  recovery test  
Date of construction: 1996 (E.C.) 
First water strike: 2.10m 
Dynamic water level: 3.80m 
Total depth: 4.76m  
Type of aquifer: Unconfined 
Total time of test: 1011min. 
Discharge: 1L/s 
Time since pumping 
stopped (minute) 
Water level 
(meter) 
Residual draw down 
(RDDW) 
(meter) 
Recovery rate 
(t/t’) 
0 4.76 0.96 - 
5 4.74 0.94 23.40 
10 4.71 0.91 12.20 
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15 4.67 0.87 8.47 
20 4.63 0.83 6.60 
25 4.56 0.76 5.48 
30 4.53 0.73 4.73 
40 4.51 0.71 3.80 
50 4.49 0.69 3.24 
60 4.47 0.64 2.87 
90 4.41 0.61 2.24 
120 4.36 0.56 1.93 
150 4.34 0.54 1.75 
180 4.32 0.52 1.62 
240 4.29 0.49 1.47 
300 4.25 0.45 1.37 
360 4.25 0.40 1.31 
420 4.17 0.37 1.27 
480 4.12 0.32 1.23 
540 4.09 0.29 1.21 
600 4.04 0.24 1.19 
660 4.00 0.20 1.17 
720 3.96 0.16 1.16 
780 3.92 0.12 1.14 
840 3.88 0.08 1.13 
900 3.85 0.05 1.12 
960 3.82 0.02 1.12 
1011 3.80 0.00 1.11 
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Appendix VI: Cooper-Jacob time-drawdown and Theis-Jacob 
recovery method 
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